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as . every soun, 


Nis re Pe aver een ae 

And ever it wastith lyte and lyt away ; 
Ther nys no man can deme, by my fay, 
If that it were departed equally.” 


(The Canterbury Tales, Geoffrey Chaucer, 1340—1400 A.D.) 


Summary 


The Royal Festival Hall was opened in London in May, 1951. This paper describes in some 
detail its acoustical design, the test concerts held in it before the opening, the objective measure- 
ments made in it, and the comments about its acoustics that have been made during the first 
eighteen months since its opening. These comments show that the “‘definition” is excellent, but 
that for some types of music more “fullness of tone”’ would be desirable. It is concluded that the 
reverberation time is the only objective measurement which, at the present stage of development, 
is of practical use. Its value in the Royal Festival Hall when full is 1.5 seconds (at 500 c/s), 
which is 0.2 seconds shorter than the optimum value given by KNUDSEN and Harris for a hall 
of this size. It seems probable that the “fullness” would be adequate if the reverberation time 
could be lengthened to 1.7 seconds or somewhat longer. 


Sommaire 


Le «Royal Festival Hall» a été inauguré a Londres en mai 1951. Le présent article décrit de 
facon assez détaillée les arrangements acoustiques, les concerts d’essai donnés avant l’ouverture 
officielle de la salle, les mesures objectives des quantités physiques et les commentaires recus 
durant les 18 mois qui suivirent l’inauguration. Ces commentaires indiquent que la «définition» 
est excellente mais que, pour certains genres de musique, une plus grande «plénitude du ton» 
serait désirable. Pour conclure, il est établi que le temps de réverbération est la seule mesure qui 
soit d’utilité pratique dans |’état actuel de la technique. Le temps de réverbération du « Royal 
Festival Hall» est de 1,5 seconde (a 500 c/s) lorsque la salle est pleine, soit 0,2 seconde en moins 
que la valeur optima donnée par KNUDSEN et Harris pour une salle de cette dimension. II est 
probable que la «plénitude du ton» serait satisfaisante si le coups de réverbération pouvait étre 
prolongé jusqu’a 1,7 seconde ou un peu plus. 


Zusammenfassung 


Die ,,Royal Festival Hall‘ wurde im Mai 1951 in London eréffnet. In dieser Arbeit werden die 
akustischen Einrichtungen, die Versuchskonzerte, die vor der Eréffnung stattfanden, die objekti- 
ven Messungen und die Beobachtungen iiber die Akustik der Halle wahrend der ersten 18 Monate 
ausfiihrlich beschrieben. Diese Beobachtungen zeigen, daf die ,, Definition des Schalles ausgezeich- 
net ist, da aber fiir einige Arten musikalischer Darbietungen mehr Klangfiille erwiinscht ware. 

AbschlieBend wird festgestellt, daB im gegenwartigen Stadium der Entwicklung die Nachhall- 
zeit die einzige objektive GréBe von praktischer Bedeutung ist. Die Nachhallzeit der Royal 
Festival Hall betragt bei voller Besetzung 1,5 Sekunden (bei 500 Hz); sie ist also 0,2 Sekunden 
kiirzer als der optimale Wert, den KNUDSEN und Hararis fiir eine Halle dieser GroéBe angeben. 
Es ist anzunehmen, daB sich die Klangfiille verbessern wiirde, wenn es méglich ware, die Nach- 
hallzeit auf 1,7 — oder sogar mehr — Sekunden zu verlingern. 


Introduction Robert H. Marruew, and the Deputy Architect, 

The Royal Festival Hall has been built on the Dr. J. L. Martin. Mr. Edwin WILLIAMS was 
south bank of the Thames under the direction of Senior Architect in charge and Mr. Peter Moro 
the Architect to the London County Council, Mr. associated architect. The acoustic consultant was 
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Mr. Hope BaAcGENAL, in collaboration with the 
Burtpinc ResEARcH StaTION (Department of 
Scientific and Industrial Research). The design 
work started in August 1948, and the Hall was 
opened in the presence of Their Majesties King 
George VI and Queen Elizabeth on 3rd May, 1951. 

Concert-hall acoustics is a broad and amorphous 
subject; it requires a book rather than a paper to 
deal with it adequately, and this paper is con- 
cerned mainly with the practical aspects. The 
design of the Royal Festival Hall has been des- 
cribed elsewhere [1]---[4] in rather general terms; 
this paper puts on record in more detail the 
acoustical design of the Hall, the objective meas- 
urements made in it, and the opinions that have 
been expressed about its acoustics. The hope is 
that this information will be of help to other 
designers; certainly the present writers would 
have been glad of such detailed information on 
other recent concert-halls. 


1. DESIGN 
a) Objectives 
The Royal Festival Hall (abb. 


R.F.H.) was designed to accommo- 
date an audience of about 3000, a 
symphony orchestra of 120 players, 
a choir of 250 and an organ. Its 
prime purpose was for symphony 
concerts; that is to say all other 
considerations, such as its use for 
speech, were to be subordinate to 
the acoustical requirements for 
music. 

Our knowledge of the acoustics 
of large halls has reached the stage 
where major faults such as echoes 
can be avoided in the design, or, 
failing this, can be eliminated by 
suitable measures in the completed 
hall. There remain the very con- 
siderable problems of assessing and 
obtaining exactly the musicians’ 
requirements. In the case of the 
R.F.H. a determined effort was 
made to consult the professional 
musicians. This assessment was 
made by means of a questionnaire 
sent to musicians [5], by systematic 
listening tests in selected concert- 
halls and by discussions of the 
problems at public [6] and private 
meetings with musicians and with 
other workers in the subject. In 
addition, and most important, there 
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was BacENAL’s long and varied experience. It 
was decided that the most important musical 
requirements were (i) definition, (ii) fullness of 
tone, (iii) balance, (iv) blend, (v) no echoes, and (vi) 
a low level of intruding noise. In addition, it was 
thought important to obtain reasonably uniform 
acoustics over the whole audience area. 

Some description of these musical terms is 
necessary. “Fullness of tone”’ is the most difficult 
to define, although it is easily recognised. Perhaps 
all we can usefully say about it is that it is the 
satisfying quality added to the sounds produced 
by musical instruments (or voices) when in a 
concert-hall as compared with in the open air. 
Although there may be subtle differences, we 
must assume for design purposes that musicians 
mean nearly the same quality when they use such 
terms as warmth, richness, body, singing tone, 
sonority or resonance. (It should be remembered 
that “‘resonance”’ has different meanings for the 


Fig. 1. Axonometric view of Royal Festival Hall (key to relevant 
numbers: 2 = choir; 3 = boxes; 4 = orchestra; 5 = Stalls; 
6 = Grand Tier). 
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musician and the physicist; the Oxford English 
Dictionary defines it as the reinforcement or pro- 
longation of sound by reflection.) “Definition” 
has two main characteristics; the first is con- 
cerned with hearing clearly the full timbre of each 
type of instrument so that they are readily dis- 
tinguished one from another; the second is con- 
cerned with hearing every note distinctly so that, 
for example, it is possible to hear all the separate 
notes in a very rapid passage. (Speeds of playing 
of 15 notes per second are not uncommon.) This 
implies that the sounds from the whole orchestra 
should be heard well synchronised. “Clarity” is 
a term commonly used as an alternative to “defin- 
ition’’. “Balance” we would define as the correct 
loudness ratios between the various sections of an 
orchestra as heard by the audience. “Blend” is 
another quality difficult to define, but in general 
terms it is the possibility of hearing a body of 
players as a homogeneous source rather than as 
a collection of individual sources. 


Fig. 2. Auditorium of Royal Festival Hall. 


For design purposes we must rely on geometric 
and statistical acoustics: solutions in terms of 
wave acoustics are not yet possible even if all the 
physical factors were known. For example, it 
would be difficult to derive a mathematical ex- 
pression for the shape of the boxes in the R.F. H. 
(Fig. 2). 

To avoid the too frequent use of such caution- 
ary clichés as “it appears to be the case”, this 
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part of the paper will state as facts what are only 
hypotheses. Nevertheless, this part deals with the 
acoustical design, and these hypotheses are those 
on which the Hall was designed. The validity of 
some of the assumptions made will be discussed 
later. 

The basic, obvious, assumptions are that there 
will be some reverberation and that the audience 
will receive some of the direct sound from the 
orchestra. Considering only one aspect of “‘defin- 
ition” — speed of playing — it is again obvious 
and a matter of common experience that a very 
short reverberation time (abb. R.T.) will not 
prevent a listener hearing all the rapid notes dis- 
tinctly, while a very long R.T. will. Further, even 
in the presence of a very long R.T., definition is 
still maintained when the listener is very close to 
the source. Assuming for the moment that a very 
short R.T. is not desirable in a concert-hall, it is 
a simple conclusion that the intensity of the 
direct sound must be as great as possible. Now 
the intensity of the direct 
sound reaching the listener 
will fall off as the square 
of the distance, at least for 
individual instruments if 
not forthe whole orchestra, 
and in a hall of the size of 
the R.F.H. the difference 
in intensity level between 
the front and back rows 
would be about 20 dB. (In 
the Chaucer quotation at 
the head of this paper, 
the “departed” 
means, in modern English, 
“‘divided”’.) Haas [7] has 
recently put on a quanti- 
tative basis what has long 
been assumed, namely, 
that for speech at least, 
reflections following short- 
ly after the direct sound 
do not detract from the 
definition. For example, 
reflections of the same in- 
tensity may be delayed 
up to about 30 ms behind the direct sound with- 
out any loss of definition. The conclusion is that 
to maintain definition over the whole audience 
area, short-path reflections directed towards the 
rear of the hall should be used to help the inten- 
sity of the direct sound. 

It is true that the foregoing simple argument is 
based on geometric acoustics and also takes no 
account of the many remarkable properties of the 


word 


4 P.H.PARKIN a.0.: ACOUSTICS OF THE ROYAL FESTIVAL HALL 


ear such as its ability to discriminate against un- 
wanted sounds. Nevertheless, in the absence of 
positive evidence to the contrary, these suppos- 
itions form a reasonable basis for the design of 
a hall. 

There remain the problems of obtaining “‘full- 
ness of tone’’, “balance” and “‘blend”’. “‘Balance”’ 
is partly a matter for the conductor, and is dis- 
cussed below in connection with platform design. 
As for “fullness of tone’’, it is very difficult to 
decide what acoustical factors control this quality. 
Certainly the only factor we have under any con- 
trol is the reverberation, and the most reasonable 
supposition is that the longer the R.T. the more 
chance there is of obtaining fullness. It may be 
that, for a given R.T., the lower the intensity of 
the direct sound the more fullness there will be, 
but without reflecting surfaces it is certain that 
we shall have less uniformity over the audience 
area. Under present conditions it is better to aim 
at uniformity and therefore to use surfaces close to 
the orchestra to reflect sound towards the back 
of the hall and, for fullness, to design for a long 
Rut: 

If the above argument is correct, it follows that 
there is a conflict between definition and fullness. 
Obviously the definition will suffer in the pres- 
ence of a very long R.T. and vice-versa, although 


Fig. 3. Orchestra platform of Royal Festival Hall (Note: the platform is arranged 
for a violin recital, with seats for audience. The temporary organ screen 
referred to in the paper has been replaced by the permanent, openable, 
screen), 
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there may be a range over which fullness can be 
increased without any noticeable loss of definition. 
The opinion survey [5] referred to above showed 
that Liverpool New Philharmonic Hall had by 
far the best reputation for good acoustics of any 
concert-hall in Britain, and listening tests made 
in this-hall showed that its definition was good. 
On the other hand, at a meeting of the Acoustics 
Group [6] the consensus of opinion among musi- 
cians was that definition should, if necessary, be 
secondary to fullness. As it is comparatively 
simple to shorten the R.T. of a hall, it was decided 
to design the R.F.H. for as long an R.T. as 
possible. 

“Blend”, like “balance” is partly a matter for 
the conductor, but is probably best helped by 
surfaces close to the orchestra which reflect some 
of the sound directly back to the orchestra. These 
surfaces should help in two ways: (i) by “mixing” 
some of the orchestral sound before it reaches the 
audience (the extreme example is the Prinzregent 
Theatre in Munich) and (ii) by helping the or- 
chestra to hear itself and thus enabling it to play 
together. 

Considering the nature of the reverberant 
sound, there is some evidence [8] that there 
should be slight modulations of the decay. That 
is to say, there should not be complete diffusion 
of the reverberant sound 
field. On the other hand 
some diffusion is of course 
inevitable and, no doubt, 
desirable. But again no 
quantitative data were 
available. 


b) Shape on plan 


The three possible basic 
shapes of a hall are horse- 
shoe, fan or rectangular. 
The horseshoe shaped hall 
is theoretically dangerous 
acoustically because of the 
concave surfaces involved, 
although in the past some 
successful halls have been 
built in this way, e. g. 
Usher Hall, Edinburgh. 
Nevertheless the dangers 
involved are too consider- 
able to be ignored, and the 
choice then is between a 
fan shaped and a rectan- 
gular hall. The main ad- 
vantage of the fan shape 
is that the length of the 
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hall is less than that of a rectangular hall seating 
the same number and of the same width at the 
orchestra end. The main disadvantage is that the 
rear wall, balcony front and seat risers are all 
curved causing a serious risk of echoes. The rectan- 
gular hall is almost free from this risk, and in 
addition has a possible advantage that there 
is more cross-reflection between the parallel 
walls which may give added “fullness”. These 
two considerations, plus the weight of tradition, 
led to the adoption of a rectangular shape for 
the R. F.H., although of course the arguments 
are not conclusive. To overcome the main dis- 
advantage of a rectangular hall — its large width 
at the orchestra end — the seating at the front 
part of the R.F.H. was made fanshaped at the 
orchestra level (Fig. 4). 
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the orchestra is not quite so difficult if the area 
of the sound source is small. It is more important 
to keep the depth of the platform to a minimum, 
rather than the width. This is because the time 
delays from front to back of the platform are 
heard by the whole audience: the time delays due 
to the width affect a relatively small proportion 
of the audience, although they do affect ins- 
truments widely separated from each other and 
consequently not easily heard by each other. 

In longitudinal section, an orchestra platform 
can be (i) flat, (ii) flat for the front part and raked 
for the back part or (iii) completely raked from 
front to back. With designs (i) and (ii) the weakest 
instruments — the wood-wind — are screened by 
the players in the front of the orchestra, and, in 
design (ii) the most powerful instruments — the 
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Fig. 4. Plan of Royal Festival Hall. 


c) Orchestra and choir platform 


The area of the orchestra platform should be as 
small as is consistent with adequate room for the 
players, since the time delays between the various 
sections of the orchestra should be kept short, thus 
aiding definition and homogeneous playing. Fur- 
ther, the design of the reflecting surfaces close to 


brass and percussion — have an advantage which 
they do not need. Design (iii) was adopted for 
R.F.H., with all instruments exposed more or less 
equally. It is true that the powerful instruments 
are still unnecessarily exposed, but with all ins- 
truments given an equal chance it can then be 
left to the conductor to achieve the correct 
balance. 
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The platform in the R.F.H. was constructed 
of birch on timber framing, with some absorbent 
material under the platform. The back tier was 
built of birch fixed solid onto concrete to prevent 
the timpani setting the whole platform into 
vibration. To save space, most of the music stands 
were mounted on tracks instead of the usual 
tripods, the average area per player being 1.5 m?. 
The choir seats were placed in rows at the back 
and sides of the orchestra. The organ consultant 
required an unobstructed opening for the organ 
of 18 m horizontally by 9 m vertically. Because 
of this requirement the platform (including the 
choir seats) had to be wider than was desirable 
for purely orchestral or choral purposes. 


d) Longitudinal section 


In most concert-halls the front of the orchestra 
platform is 1 to 1.5 m higher than the front row 
of audience seats. This arrangement helps to 
provide good paths for the direct sound to most 
of the audience but it had been noticed at listen- 
ing tests that the screening of the centre section 
of the orchestra by the front rows of the orchestra 
was noticeable in the front rows of the audience, 
or over large areas of the audience when the main 
floor was flat. To overcome this disadvantage, the 
front of the orchestra platform in the R. F.H. was 
made only 23 cm higher than the front row of 
audience seats (Fig. 5). 
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reasons. The ceiling was intended to be of solid 
fibrous plaster, 5 cm thick, but during its cons- 
truction (it was prefabricated in sections and then 
brought to the Hall for erection) its thickness was, 
by mistake, reduced to 1 to 2 cm. After erection 
in the Hall its thickness was made up to the 
specified 5 cm but using vermiculite plaster in- 
stead of the specified fibrous plaster. This slip in 
the close liaison maintained between the consul- 
tants and the architects was a little unfortunate 
in that, as described later, it probably helped to 
make the ceiling more absorbent than was in- 
tended. 


e) Cross-section 


The ceiling, and of course the floor, are horizon- 
tal in cross-section. 


f) Reflecting surfaces 


The reflector over the orchestra (referred to as 
the canopy) is the most important reflecting sur- 
face. The requirements were to reflect sound to- 
wards the rear of the Hall — these reflections to 
follow the direct sound by as short a time inter- 
val as possible — and to reflect some of the sound 
back to the orchestra to help the players hear 
themselves and each other. The second require- 
ment can be met by making parts of the canopy 
horizontal but the main requirement is com- 
plicated by the large area covered by the sound 
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Fig. 5. Longitudinal section of Royal Festival Hall. 


The raking of the floor area had been calculated 
[9] on the basis of a free height of 8 cm between 
successive rows. However this rake differed so 
little from a straight line that the considerable 
extra expense and inconvenience (e.g. varying 
step height) was not considered worthwhile and 
a straight line was adopted. 

The ceiling follows a general line designed to 
reflect sound towards the rear of the Hall. The 
small undulations are for lighting, not acoustical 


source. It is clear that an angle for the canopy 
suitable to reflect instruments at the front of the 
orchestra towards the rear of the hall is not suit- 
able for instruments at the back, and vice-versa. 
Consideration of the design actually used will help 
to illustrate the problems. The height of the rear 
leaf of the canopy was set by the demand of the 
organ consultant for a free opening for the organ 
9 m high. This leaf reflects sound from the choir 
and the rear instruments of the orchestra towards 
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the rear of the hall. On the other hand, sound 
from the front instruments is reflected straight 
back to them. If the angle of inclination to the 
horizontal of this leaf were increased to reflect 
the front sound more towards the rear of the hall, 
not only would the rear instruments be reflected 
to the ceiling but the other leaves of the canopy 
would have to be higher since the back point is 
fixed in space. The front leaf reflects the front 
instruments’ sound towards the rear but the back 
instruments’ sound towards the ceiling; a reduc- 
tion in the angle of inclination in order to help 
the back instruments would tip the front ins- 
truments’ sound too much towards the floor area. 

There is a further consideration: while at 
middle and high frequencies the dimensions of 
each leaf of the canopy are large compared to the 
wavelengths and can therefore be considered as 
separate reflectors, at low frequencies the whole 
canopy must be considered as one reflector. Thus 
if the angles of inclinations of the leaves were 
such that the whole formed a concave surface, 
some focussing of the low frequencies would 
occur. The focussing might only occur at points 
in space where there is no audience, but we are 
not yet so confident in acoustical design as to be 
able to take such risks. 

The canopy in the R.F.H. is a compromise 
between the various conflicting requirements. The 
front leaf is at a slightly greater inclination to the 
horizontal than the middle leaf, which in turn is 
more inclined than the back leaf: the general 
contour is therefore slightly convex. It is made of 
wood 5 em thick: the leaves are fixed by resilient 
mountings to timber beams which hang by tie 
rods from the roof trusses. Its weight is 12000 kg 
plus 3000 kg of lighting fittings. 

The second reflecting surface is the flat floor 
area between the front of the orchestra platform 
and the audience seats. This reflector is of slate 
bedded solid onto concrete, and is intended to 
reflect sound from the front instruments, i.e. the 
violins, towards the rear of the Hall. 

The third reflecting surface is a wooden screen 
about 1 m high which separates the orchestra 
from the choir seats. The walls splayed on the 
plan are a fourth group of surfaces; they are made 
of wood 1 cm thick on 10 cm battens with ab- 
sorbent in the air space. Some diffusion was in- 
troduced on these splay walls in the form of 
protruding triangles. 

The organ was not to be installed for some time 
after the opening of the R. F. H. and in the mean- 
time the opening for the organ was covered by a 
wooden reflector set at an angle of 15° to the 
vertical (Fig. 5). 
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g) Echoes 


The three areas considered most likely to cause 
echoes were the rear wall, the margins where the 
side walls meet the ceiling, and the side walls near 
to the orchestra. The risk from the rear wall was 
slight: the wall was not curved and its area was 
comparatively small. The treatment applied to it 
was therefore only slightly absorbent at mid and 
high frequencies, although these areas were used 
to provide additional low-frequency absorbent. 
It consisted of leather “‘cushions” stuffed with 
glass wool and mounted on 10 cm battens with 
rock wool in the air space. Identical treatment 
was used on the side walls below the boxes and 
on the door lobbies at the entrances either side 
of the orchestra. The margins were made of un- 
plastered wood-wool slabs on battens, the vertical 
and horizontal parts each being about 1.5 m 
wide, and ran along the whole length of the Hall. 
The splayed side walls next to the floor level for 
the first 10 m away from the orchestra were 
treated with slit absorbers which had rock wool 
behind wood facing strips (the so-called “Copen- 
hagen”’ absorbent from its use in the foyer of the 
Danish Broadcasting House); for the rest of these 
side walls the strips were mounted straight on to 
wood panels. 


h) Prevention of resonances 


By resonance is meant the excessive accen- 
tuation of one or more discrete frequencies and 
their associated decay at a much slower rate than 
the general reverberant sound. These resonances 
may occur in two ways: by room eigentones bet- 
ween, say, two parallel surfaces with small ab- 
sorption, or by mechanical resonances of a surface, 
e.g. a panel. The first type is described by 
JorpAwn [10] and was cured in that case by using 
Helmholtz resonators. The ceiling of the R.F.H. 
was made with about 1200 holes 5 cm in diameter 
for use with resonators if needed. The surfaces in 
the R.F.H. which might give rise to the second 
type of resonance were the ceiling, the wood 
panels on the side walls and the orchestra canopy. 
The ceiling and the canopy were constructed in 
different sized sections which were then butted 
together with a strip of soft fibreboard between. 
A wood panel of the type to be used on the 
side walls was tested for its decay rate in the 
laboratory; at its resonant frequency the 
decay was found to be about 250 dB/s with 
absorbent in the air-space and about 100 dB/s 
without absorbent. Both these decay rates were 
much faster than the expected reverberant sound 
decay. 
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i) Reverberation time 


The aim was to achieve as long a reverberation 
time as possible (at mid-frequencies). At an early 
stage in the design a R.T. of 2.2 s was considered, 
being the value recommended by BacENAL and 
Woop [11] for a hall of the volume of the R.F.H. 
As the design developed, and as results of meas- 
urements in other British concert-halls became 
available [5], it was realised that this value was 
unlikely to be reached: the volume per seat 
would have been excessive with corresponding 
troubles with echoes from remote surfaces. A cal- 
culation of the R.T. as the design progressed gave 
a value of 1.7 s at 500 c/s. It was not possible to 
increase this figure: the volume per seat could not 
be increased, e.g. by increasing the ceiling height, 
for structural reasons, nor could the number of 
seats be reduced; the absorbent areas had been 
kept as small as possible (except for a small area 
of carpet required by the architect) while still 
preventing echoes. This value of 1.7s is that 
recommended by KNUDSEN and Harris [12] for 
a hall of this volume, and as several good British 
concert-halls had been found to lie close to or 
below the KNUDSEN and Harris optimum it was 
thought to be acceptable. 

At high frequencies the R.T. is largely con- 
trolled by air and audience absorption, and the 
designer can do nothing about it. At low frequen- 
cies however, there is a danger that the R.T. may 
be too long. In traditional constructions there 
are large quantities of fortuitous low-frequency 
absorption in the form of plaster panels, etc.: 
in modern constructions of reinforced concrete 
and with little ornamentation this absorption 
may not be present. The designers had always in 
mind a small concert-hall built in the 1930’s of 
reinforced concrete: the R.T. at low frequencies 
was 13 s, and the hall has now been converted 
into offices. The calculation of R.T. at mid- 
frequencies is uncertain; at low frequencies the 
uncertainties are worse because of the lack of 
information on the absorption of surfaces at these 
frequencies. For example, the absorption coef- 
ficient at 125 c/s of the ceiling (5 em thick with 
an air-space 4m deep behind it) might have 
been anywhere in the range 0.05 to 0.4. The major 
risk therefore was that the R.T. at low frequencies 
would be too long: the designers would have been 
satisfied at the design stage if the R.T. at 125 e/s 
would come in the range 1.7 to 2.5 s, i.e. bet- 
ween 100 and 150 per cent of the value at 500 c/s. 
A conservative estimate of the absorption to be 
expected from the various surfaces and audience 
was made for 125 c/s; a sufficient area of wood 
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panels spaced from the wall was included in the 
design to ensure that the R.T. was not too long. 
As the majority of absorption might thus have 
been expected to be due to these panels, their 
construction was varied to ensure that absorption 
was not concentrated-over a too narrow band of 
frequencies. The construction and absorption 
coefficients of these panels have already been 
described [13]. 

It is desirable for the orchestra that the acous- 
tics in a concert-hall should not be too different 
under performance and rehearsal conditions. It 
had been noted that the R.T. in empty concert- 
halls was between 10 and 75 per cent longer than 
when the halls were full [5]. The tip-up uphols- 
tered seats for the R.F.H. were designed with 
the underside of the seat perforated, with rock- 
wool behind the perforations. 


< j) Sound insulation 


It is intended to describe the sound insulation 
of the R.F.H. in more detail elsewhere. Briefly, 
the two major sources of noise at the site were 
overground electric and steam trains running on 
the nearby Hungerford Bridge, and the under- 
ground trains running directly under the site. The 
noise from the overground trains was measured 
at various positions on the site, and a wall and 
roof construction for the auditorium was devised 
sufficient to reduce these noise levels to the back- 
ground noise levels measured in two other con- 
cert-halls during pauses in quiet passages of 
music. The wall construction consisted of two 
leaves of re-inforced concrete each 25 em thick 
separated by an air-space 30 cm wide, with some 
absorbent in the air-space. The roof construction 
consisted of an inner leaf of reinforced concrete 
15 em thick carrying sleeper walls which varied 
from 60 cm to 120 cm high (depending on the 
camber of the roof). Over the top of the sleeper 
walls was draped a 5 em layer of glass-wool and 
the outer leaf of 10 cm of reinforced concrete 
rested on this. All doors except two into the 
auditorium were built with sound locks, and the 
two exceptions (in the final design) had extra pre- 
cautions taken in the foyers leading to them. 

At this stage of the design it was necessary to 
give the architects as much freedom as possible 
in the positioning of the auditorium, and the 
constructions specified were intended to give ad- 
equate insulation on their own. In the event, most 
of the auditorium was enclosed by foyers, cor- 
ridors, etc. all of which were designed to give 
extra insulation, both as an added safeguard and 
as an aid to reducing the noise level below that 
measured in the two other halls. 
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The ground vibrations due to the underground 
trains were measured and were thought to be suf- 
ficiently small not to produce troublesome noise 
in the auditorium. As a safeguard the auditorium 
was placed as high above ground level as possible. 

The inlet and outlet ducts for the ventilation 
plant were treated to reduce the external noise 
by the same amount as the walls and roof, and the 
plant itself was designed for minimum noise. 


k) Capacity 
The final figures for the capacity of the R.F.H. 


are as follows: 


Seating: 
Orchestra about 125 
Choir 248 
Stalls 663 
Terrace Stalls 1120 
Grand Tier 616 
Side Balconies 52, 
Boxes 200 
Standing: 
Side Balconies 120 
Sides of Terrace Stalls 80 
Behind Terrace Stalls 24 
Behind Grand Tier 56 
Total 3404 


The volume is 22000 m® so that the volume 


per person when the Hall is completely full is 
6.4 m3. 


2. LEST CONCERTS 


The first purpose of the test concerts which 
were held in the R.F.H. prior to its opening was 
to test for major faults such as echoes. Any faults 
which might have been found could then have 
been investigated and remedied before the public 
opening. Reliance was placed mainly on sub- 
jective listening tests; only limited objective meas- 
urements were possible with an audience present, 
and in any case even obvious faults such as 
echoes cannot be assessed with much reliability 
from objective measurements. At the first test 
concert, on 14th February, 1951, there were two 
classes of listeners in addition to the normal 
audience. The first class consisted of 13 groups of 
20 listeners each distributed over the whole seat- 
ing area. These were classified as ordinary concert- 
goers, and had all been to at least six concerts in 
the previous year. They answered questionnaires 
which dealt with such subjects as noise, echoes 
and loudness. The second class consisted of six 
groups of two or three people each who had some 
knowledge of acoustics and most of whom had 
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already taken part in similar tests in other con- 
cert-halls. Each group of “specialists” sat in dif- 
ferent positions in the Hall for each of the three 
parts into which each test concert was divided. 
These positions were B, C and D as shown in 
Fig. 4, and symmetrical positions on the other 
side of the centre-line of the Hall. Their function 
was to give more detailed reports on the acoustics 
and on the variations between positions; for ex- 
ample if echoes had been heard they would have 
been expected to estimate the probable source. 

It was clear at the first test concert that there 
was only one major fault. The group of 20 at the 
extreme back of the Grand Tier had behind them 
an absorbent gangway which had a wood-wool 
ceiling and the leather-panelled rear wall; this 
group gave less favourable answers, on the whole, 
than the other groups. As examples: in reply to 
the question “‘Was it easy to listen attentively ?”, 
95 per cent of all the other groups answered “‘Yes”’ 
compared with 70 per cent for this group; in 
reply to the question “Were crescendos effec- 
tive ?”, 80 per cent of all the other groups ans- 
wered “Yes’’ compared with 35 per cent for this 
group. Before the next test concert the wood- 
wool ceiling of this gangway was plastered over; 
this group then gave answers similar on the aver- 
age to the other groups. 

Attention was subsequently concentrated on 
the proper balance between fullness of tone and 
definition. The majority of both classes of listeners 
at the first test had said that more fullness was 
required; accordingly some absorbent was re- 
moved, as described in Part 3, before the second 
test concert on 14th March. At this second test 
and at the final test on 15th April — there was 
an extra test on the 18th March which was held 
for non-acoustical reasons and which need not 
concern us here — a third class of listeners was 
used, consisting of professional music critics who, 
like the second class, were divided into three 
groups sitting in different positions (B, C and D) 
for each part of the tests. 

It will be simplest if the main result of these 
subjective tests is stated first. This was that the 
absolute opinions on the acoustics were not con- 
sistent. For some reason, possibly because of the 
effect of listening mainly in the Royal Albert Hall 
for ten years, most of the listeners found the 
acoustics of the Royal Festival Hall rather sur- 
prising, at a first hearing. This is best illustrated 
by considering the replies of the professional 
critics. At the first concert they attended, on the 
14th March, 10 out of 14 critics wanted more full- 
ness of tone, three wanted more definition and 
one wanted the Hall left as it was. At the next 
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concert they attended, on the 15th April, nine of 
these 14 wanted the Hall left as it was, three still 
wanted more fullness and two wanted more 
definition. Now it is seen from Table II that the 
R.T. was practically the same at these two con- 
certs. Although the R.T. is of course not the only 
factor in assessing the acoustics (e.g. the amount 
of diffusion might have changed between the two 
concerts while leaving the R.T. unchanged) it is 
reasonably certain that it was the effect of a 
second hearing on the critics that made them 
change their minds. This is confirmed by the fact 
that of another eight critics who were in the Hall 
for the first time on 15th April, seven wanted 
more fullness of tone. This result was not unex- 
pected; BacEenat had forecast at an early stage 
that it would take several months for musicians 
used to more traditional halls to get used to the 
acoustics of the R.F.H. 

In view of this unreliability there is little point 
in giving any further results of these subjective 
assessments, except to state that, at the final test 
on the 15th April, of the second class of listeners 
(the “‘specialists”) who had then been four times 
to the Hall, one gave B as the best position, two 
gave C, three gave D and four expressed no 
preference; of the professional music critics who 
had then been twice to the Hall, three preferred 
position B, two position C, nine position D and 
two expressed no preference. 

Although these test concerts were not useful 
for absolute judgments, it should be emphasised 
that they were invaluable for three main reasons. 
The first was that the removal of the absorbent 
areas undoubtedly caused an improvement in the 
acoustics. It would not have been practicable to 
remove them when the Hall was in use and if 
they had not been removed the R.T. would have 
been shorter than it is now: it is shown below 
that the R.T. should not be any shorter. At the 
same time it was possible to check (by using the 
groups of listeners) that this removal of absorbent 
did not give rise to any serious echoes. The second 
reason was that the only major fault noticed — 
the bad acoustics at the back of the Grand Tier — 
was corrected before the opening. If other and 
more serious faults had occured, e.g. the sort of 
resonances found by JORDAN [10], these too could 
have been eliminated. Any such faults not correct- 
ed before the opening would have been very dif- 
ficult to deal with when the Hall was in use and 
might have affected its reputation seriously. The 
third reason was that under the conditions of the 
test concerts it was possible to make measure- 
ments, both objective and subjective, which would 
have been impracticable at normal concerts. 
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3. OBJECTIVE MEASUREMENTS 
a) Technique 

Western Electric type 640 AA condenser micro- 
phones were used for most of the measurements. 
These were 2.5 cm in diameter and were calib- 
rated by the National Physical Laboratory to an 
accuracy of +1 dB. The R.T.’s were measured 
using octave filters followed by a calibrated log- 
arithmic level recorder [14] set at a writing speed 
of about 200 dB/s. The pistol used as a sound 
source for most of the R.T. measurements was a 
0.45 inch Colt, and was fired from the front centre 
of the orchestra platform. Unless otherwise stated, 
the average value of the decay between —5 and 
—35 dB following the maximum deflection on 
the logarithmic recorder was taken to represent 
the R.T. The four microphone positions used are 
shown in Fig. 4. Position A was half-way bet- 
ween the floor and the ceiling; positions B, C and 
D (in the Stalls, Terrace Stalls and Grand Tier 
respectively) were all at ear height. 

If the conditions are carefully controlled it is 
possible to measure R.T.’s with great relative 
accuracy. For example, the coefficient of vari- 
ation (the standard deviation divided by the 
arithmetic mean) obtained from firing 101 pistol 
shots with the microphone in one position was 
found to be between 1 and 3 per cent for all 
octaves. However, under most conditions of meas- 
urements this accuracy can not easily be main- 
tained (largely because of difficulties of “‘inter- 
pretation” of the traces) and the coefficient of 
variation is probably about 5 per cent for the 
R.T. results presented here. All values given for 
the R.T.’s are the mean of at least six readings, 
so that we can expect differences of 0.1 s between 
mean values to be significant (in the statistical 
sense if not subjectively). 

To check the effect of the source of sound on the 
measurement of R.T., the results using (a) pistol, 
(b) warble-tones (+ 10 per cent about the mean 
frequency up to 2000 c/s and + 200 c/s at higher 
frequencies) from loudspeakers and (c) an or- 
chestra playing staccato chords were compared 
(Table I). (These measurements were made in the 
empty Hall during the test period.) 

It is seen that the pistol and the orchestral chords 
gave the same results within the limits of experi- 
mental error; in the results to be given below for 
the R.T.’s during the test concerts, the values 
given will be for either the pistol or orchestra. The 
warble-tones also gave the same results except 
at the highest frequencies. This was due to the 
fact that octave bands are too wide for ranges 


where the R.T. is changing rapidly with respect 
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to frequency. The results from warble-tones can 
be regarded as the “true” values. Nevertheless 
the values obtained from octave analysis will be 
used throughout this part of the paper since the 
pistol and orchestra had to be used as sources for 
most of the measurements. 


Table I 
Reverberation times [s] using different sources 


warble 
octave tone mean 5 warble- 
fete an pistol | orchestra 
quency ones 
[c/s] [e/s] 

75—150 120 1.91 1.91 1.90 
150—300 240 2.05 2.04 2.04 
300—600 480 2.14 2.08 2.10 
600—1200 960 2.24 gues, 2.26 

1200—2400 1900 2.18 Pasilil 2.19 
2400—4800 3800 1.99 1.95 2.00 
4800—9600 7600 1.65 1.66 1.24 
6400—12800} 10000 1.46 151 0.90 


b) Reverberation time during construction — 
and test concerts 


The R.T. of the R.F.H. was measured at 
various stages during the construction (Fig. 6). 
For all these measurements the microphone was 
at position A. The first measurement was made 
in August 1950; the roof and structural walls 
were complete but the false floor which carries the 
seats was not installed, nor were any of the finish- 
ings. At just below ceiling height was a layer of 
planks laid loose on scaffolding covering the whole 
ceiling area. At the time of the next measurement 
(in October 1950) the ceiling, the wood-wool mar- 
gins and the false floor had been installed; the 
layer of scaffolding planks just below the ceiling 
was still in position. Otherwise the conditions in 
the hall were very similar to the previous meas- 
urement. It is seen that the R.T. at 125 c/s had 
dropped from 5.4 to 2.9s and at 500 c/s from 
4.1 to 2.8 s. If we allow for the absorption of the 
wood-wool, and make a rough guess that of the 
other additional absorbent 80 per cent was due 
to the ceiling and 20 per cent was due to the false 
floor, we get absorption coefficients of about 0.3 
for the ceiling and 0.1 for the floor at 125 ¢/s, 
and 0.1 for the ceiling and 0.05 for the floor at 
500 c/s. These very approximate calculations 
show that the ceiling was acting as quite an ef- 
ficient panel absorbent, presumably partly due 
to the use of vermiculite plaster described above. 
At the time of the next measurement, in January 
1951, all the elm panels on the side walls had been 
installed. Some of the other finishes, e.g. the 
“Copenhagen” absorbent, had also been installed, 
but the layer of scaffolding planks below the ceil- 
ing had been removed. Most of the rock-wool was 
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in position on the rear and side walls ready to be 
covered by the leather-faced panels. The net 
result was that at low frequencies the R.T. was 
shorter but at higher frequencies (1000 c/s and 
upwards) the R.T. was practically unchanged. 
If we make another rough calculation for 125 c/s 
and guess that 80 per cent of the extra absorption 
was due to the elm panels, we get a coefficient for 
them of about 0.35. Allowing for the fact that the 
scaffolding planks had been removed, this value 
is close to the laboratory figure of about 0.4 [13]. 
The fourth curve of Fig. 6 shows the R.T. of the 
Hall completed except for the seats. The big in- 
crease in R.T. at mid-frequencies was presum- 
ably due to the removal of all the builder’s 
material that had previously been lying about in 
the Hall and to the covering-over of the rock- 
wool on the rear and side walls. 


8 104 


4 6 8 49? 2 6 
—— Frequency [¢/s] 


Fig. 6. Reverberation times at various stages during cons- 


truction. 

eo ————e August 1950 
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x —_———————-x January 1951 
ee e February 1951 


During the period of the test concerts, meas- 
urements of the R.T. were made at microphone 


position A (Table II). 


Table II 


Reverberation times [s] at test concerts 


14/3/51 15/4/51 


full 


octave band 14/2/51 


[c/s] 


empty 


75—150 1.8 2.1 1.8 1.9 1.5 2.0 
150—300 1.8 2.7 1.8 2.3 1.6 2.0 
300—600 1.7 2.9 LT 2.3 1.6 2.0 
600—1200 bey 3.0 1.6 2.5 1.6 2.1 

1200—2400 1.6 3.0 1.6 2.4 1.6 2.1 
2400 —4800 1,4 2.4 1.4 2.1 1.4 1.9 
4800 —9600 il 1.6 1.3 1.6 1.3 1.6 
6400—12800}] 1.0 1.4 1.2 1.4 1.1 {3 


At the time of the first test concert on the 
14th February, the auditorium was complete ex- 
cept for the seats, the doors and the temporary 
sereen in front of the organ. The audience, num- 
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bering about 2800, were seated on the floor; the 
values of absorption in Sabins per person calcu- 
lated from the measured R.T.’s were: 

125 500 2000 
0.10 0.32 0.38 


4000 
0.39 


As mentioned in Part 2, some absorbent areas 
were removed before the second test concert on 
14th March 1951. These modifications were: the 
wood-wool margins and the wood-wool ceiling at 
the back of the Grand Tier were plastered over 
except for three small areas, and the rock-wool 
was removed from behind all the elm panels on 
the side walls. During this period about one-third 
of the permanent upholstered seats were installed 
and at the second test concert plain chairs were 
provided for the rest of the audience area. Un- 
fortunately, at this concert (and at the sub- 
sequent ones) the number in the audience fluc- 
tuated throughout the period of the test; as the 
measurements were spread over the whole period 
the results are not particularly significant except 
to show that the changes in R.T. were small. 
Thus at this second test, the R.T. was practically 
unchanged at all frequencies up to about 5000¢/s; 
at higher frequencies the R.T. was rather longer. 
There were too many changes in the conditions 
for any calculations of absorption coefficients to 
be made. 

Before the final test concert on the 15th April, 
some more changes were made. These were: the 
filling-in of the air spaces behind about half the 
total area of the elm panels on the side walls; the 
removal of the rock-wool from behind the “Copen- 
hagen” absorbent, from behind the wood-panels 
on the splay walls and from underneath the 
orchestra platform; and the filling-in of the air 
spaces behind the leather cushions on the rear 
wall and the side walls, and of those behind the 
curtains behind the boxes. During the same 
period nearly all of the remainder of the perma- 
nent seats were installed and the carpet was laid. 
The net effect was that at low frequencies the 
R.T. was slightly shorter while at mid and high 
frequencies it was unchanged. 

To sum up the results of the test period: the 
installation of the permanent upholstered seats 
offset the removal of the absorbent areas. The 
net effect was that the R.T. throughout the test 
period was very little changed at mid and high 
frequencies and was slightly shortened at the low 
frequencies. 


frequency [c/s]: 
Sabins [m?]: 


c) Reverberation times in completed hall 


During the test concerts none of the audience 
was standing and the choir seats were unoccupied. 
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For normal concerts and when at least 80 per cent 
of the seats are sold the conditions are different. 
The choir seats are always occupied, either by a 
choir or by audience, and there are about 120 
standing audience in the side-balconies, while 
some of the seats may be empty. This is because 
of the relative prices of the seats. When all the 
seats are sold there are usually another 150 stand- 
ing at the sides and back of the Hall. Thus the 
R.T. of the full, completed Hall is shorter than 
that measured at the last of the test concerts and 
on which the previously published [2] figures of 
the R.T. were based. 

The R.T. in octave bands has been measured 
at several concerts when the seated audience has 
varied between 80 and 100 per cent capacity and 
the choir and standing audience between 250 and 
500. No significant variation (i.e. no difference 
as great as 0.1 s) was found in the measured R.T. 
over this range of audience size, and only slight 
differences were found between the microphone 
positions A, B, C and D. There were not sufficient 
measurements to be able to decide on the exact 
differences between positions and the average 
value for position A (corresponding to the micro- 
phone position used in other halls) has therefore 
been selected to give the R.T. characteristic for 
the full Hall (Table III and Fig. 7). 


2 CTO 
RI. sob ai ie rH cn 
empty ——— C 
| === BES PH 
Hesse: Art 
oy EHH atl 
10? ee 4 6 8 103 2 4 Jereahare 


—— Frequency [¢/s} 
Fig. 7. Reverberation time of completed Hall (microphone 
at position A). 


Table III 
Reverberation times [s] in completed hall 


hall full 
position A 


octave 


[c/s] 


hall empty 
B | C | D 


75—150 1.4 1.6 Ry, 1.6 1.6 
150—300 1.5 Ley 1.9 LZ dB 
300—600 15 1.8 2.0 1.9 1.8 
600 —1200 1.5 19 2.1 2.0 2.0 

1200—2400 1.4 2.0 2.1 2.1 2.1 
2400—4800 1.3 1B, 1.9 1.8 1.9 
4800—9600 1.2 LT iA 1.4 1.5 
6400 — 12800 1.0 1.5 ia 1.3 1.3 


In the empty Hall, the variations in the R.T. 
between the microphone positions could be deter- 
mined with more certainty. At position B the 
R.T. at mid and low frequencies was slightly lon- 
ger as compared with position A; at positions C 


and D the R.T. was slightly longer at mid fre- 
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quencies only. At high frequencies the R.T. at 
B, C and D was rather shorter than at A. 

The R.T. in the empty Hall at frequencies bet- 
ween 50 and 100 c/s was investigated in some 
detail both with the pistol plus one-third octave 
filters and with warble-tones. The decays in this 
range were very irregular and often inconsistent. 
For example, using the pistol and the one-third 
octave filter centred at 80 c/s, the decay at pos- 
ition A was very erratic; at position B the decay 
occasionally showed signs of a double slope, the 
first 25 dB corresponding to an R.T. of 1.35 
and the next 15 dB to an R.T. of 3 s; at position C 
the decay always showed this double slope; at 
position D the decay was regular over the meas- 
urable 40 dB for seven out of the twelve shots 
fired, but for the other five shots showed an 
initial decay rate for the first 10 dB correspond- 
ing to an R.T. of 0.8 s. In general, it was not 
possible to make any sense out of these results, 
but this erratic behaviour is probably due to the 
space between the false floor which carries the 
seats and the structural floor. This space is about 
1 m high, and is connected to the auditorium by 
a large number of ventilation openings; although 
the floor of the space is covered with 5 cm of 
rock-wool, the R.T. measured inside it was 6s 


at 50 c/s falling to 4s at 125 ¢/s. 
d) Noise levels 


As mentioned above, a detailed description of 
the sound insulation and noise levels is to be 
given alsewhere, but a brief statement of the noise 
levels in the finished auditorium is of interest here. 
The overground trains were found to be complet- 
ely inaudible in the auditorium, but the under- 
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ground trains produced a low-frequency noise 
which was audible for about 5 seconds for each 
train. At the time of writing, the sound pressure 
levels due to the underground trains have not 
been measured, but subjective measurements 
using a Barkhausen meter, while very approxim- 
ate, showed that the noise level reached a maxi- 
mum in the empty Hall of about 30 phons. At 
one of the test concerts, the test groups were 
asked to listen for this noise; out of the total of 
about 240 listeners, 18 were able to detect them 
but only, of course, when the trains coincided 
with a pause or a very quiet passage in the music. 

The ventilation plant was audible at a very few 
places (e.g. behind the boxes), where the inlet or 
outlet grilles were close to the listeners. The noise 
level at these positions appeared to be about the 
same as the underground trains, i.e. 30 phons. 
Over the major part of the seating area the plant 
noise was not distinguishable and the total back- 
ground noise was probably of the order of 20 
phons. 


e) Discussion of objective measurements 


Certainly the most useful measurement from 
the practical point of view is the R.T. The meas- 
urements made in the R.F.H. during construc- 
tion and during the test concerts provided a firm 
basis for the discussions on what alterations to 
make. Further, in the completed Hall it is the 
only well-established criterion for comparison 
with other halls (Fig. 8). For R.T. measurements 
in a full hall the orchestra is normally used as a 
source, and analysis into octave bands is sufficient 
over most of the frequency range. The use of 
narrower bands reduces the accuracy when, as 


St Andrew's Hall 


20 22 


KNUDSEN and HARRIS 


Royal Festival Hall 


. 24 26 28 
—— Vvolume [m} 


Fig. 8. Reverberation times (500 c/s) of eight good halls (full) and of Royal Festival Hall (full). 
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happens in practice only a limited number of 
measurements are possible, by increasing the 
spread of results in a given band due to the vari- 
ations in the spectrum of the orchestral sound. 
At low and high frequencies however where the 
R.T. may be changing comparatively quickly 
with respect to frequency, octave-band analysis 
can usefully be supplemented by one-third octave 
analysis. In empty halls it seems logical to use a 
similar method of measurement, e.g. a pistol and 
octave analysis in preference to, say, warble- 
tones. In the R.F.H. no difference was found 
between pistol shots and warble-tones (cf. Table I) 
but this is not always the case. As to the desirable 
standard of accuracy, there seems to be little 
point usually in presenting results with any grea- 
ter accuracy than to the nearest 0.1 s; changes 
in the conditions, such as the number of audience 
present, would nullify any greater accuracy, and 
it is unlikely that subjective impressions would 
be affected by changes smaller than 0.1 s. Of 
course for special purposes greater accuracy may 
be useful, as for the detailed examination of the 
variation of R.T. with position. 

The absorption of the seats used in the R.F.H. 
had previously been measured in a reverberation 
chamber (volume 320 m*), three rows of ten 
seats each being measured with and without per- 
sons sitting in them (Fig. 9). It is not possible to 
compare the absolute values obtained in the 
reverberation chamber with measurements in the 
Hall itself, but the relative values i.e. the dif- 
ferences in absorption between the seats occupied 
and unoccupied should be comparable using the 
R.T. values for the Hall full and empty. How- 
ever, little agreement was found between the 
relative values compared in this way; at low and 
mid frequencies the difference between occupied 
and unoccupied seats in the Hall was only about 
half the difference found in the reverberation 
chamber. Only at the higher frequencies did the 


values compare at all reasonably. 
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Fig. 9. Absorption per seat measured in reverberation 
chamber. 
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All objective measurements other than the 
R.T. are still tentative and the authors can do 
no more at the present stage than indicate what, 
in their view, are the most promising lines of 
development. To be of practical use, objective 
measurements should, in the long-term, be cap- 
able of fulfilling three conditions. First, it should 
be possible to state the results in a quantitative 
metrical form. Secondly, it should be possible to 
correlate the objective measurements with sub- 
jective impressions either as being typical of a 
hall as a whole or as relating to particular pos- 
itions in a given hall. This does not necessarily 
mean that one particular type of objective meas- 
urement need be directly related to one parti- 
cular subjective quality. If a measurement is to 
refer to a particular position, its value should not 
change too quickly with position. In other words, 
a measurement which gives one value at a given 
seat is of little use if its value is quite different 
only two or three seats away, because obviously 
a listener would hear no difference between the 
two positions. Thirdly, it should be possible, 
ideally, to make the measurements in full halls, 
but as this is unlikely, the type of measurement 
should be such that the results are not too depen- 
dent on the full or empty state of the hall. This 
difficulty is greatest in the older halls which often 
have plain wooden seats. For example, the R.T. 
at 500 c/s in St. Andrew’s Hall, Glasgow, and in 
Usher Hall, Edinburgh, is 50 per cent longer 
when these halls are empty than when they are 
full; in the more modern halls with upholstered 
seats this difference is less; in the R.F.H. it is 
20 per cent. 

The authors have made a large number of meas- 
urements of various types in the R.F.H. and in 
other concert-halls, but most of them do not ap- 
pear to be particularly useful in such large rooms 
although they are no doubt useful in smaller 
rooms, e.g. studios. To mention only two types 
of measurement, the frequency irregularity [15], 
[16] and the distribution of R.T.’s with position 
[17] have been measured in the R.F.H. and in 
other halls. The maximum frequency irregularity 
in rooms of this size occurs at very low frequen- 
cies, between 15 and 60 c/s; at higher frequencies 
we are on the tail of the curve and can expect the 
measured values to be much the same indepen- 
dent of the shape of the rooms. Thus in two other 
halls of comparable size, St. Andrew’s Hall, Glas- 
gow and Usher Hall, Edinburgh, the authors have 
found [3] similar values to those found in the 
R.F.H. i.e. between 2 and 4 dB per e/s. The 
distribution of R.T.’s in the R.F.H. was found 
to be normal, but in other halls the distribution 
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Fig. 10. Transient responses at positions B, C and D at the last test concert. 


has been found to be skew on some occasions but 
not on others. 

As we are concerned here with practical prob- 
lems, it appears that most progress can be ex- 
pected by working in terms of geometric acoustics. 
That is to say, we should examine at a given 
point in a hall the variation with time, direction 
and frequency of the pressure received when an 
impulsive or a continuous sound is emitted from 
the source. There would be a hope of correlating 
such measurements with subjective impressions, 
perhaps not directly but through intermediate 
laboratory experiments. An excellent example of 
this method has been the work of Haas [7] 
supplemented by the work of Bott and Doak [18]. 
Haas established the effect of single “echoes” on 
the subjective hearing of speech, and Boxr and 
Doak showed that the results could be applied 
to speech in rooms. A similar technique for music 
would be more complicated, but some definitive 
results could be expected. 

The complementary measurements needed in a 
concert-hall would require first a non-directional 


source for impulsive and steady sounds. For the 
impulsive sounds either pulses of tone from a 
loud-speaker or explosive sources such as a pistol 
or an electric spark could be used. If a loud- 
speaker source is used it must be made non- 
directional, e. g. by the use of several loud-speakers 
mounted on a spherical or hemi-spherical baffle, 
and the pulses must be very short. Certainly a 
pulse length of 25 ms is too long; measurements 
made in the R.F.H. using this pulse length 
showed very large variations in the received 
signal when the microphone was moved three 
seats and thus did not satisfy the second criterion 
for objective measurements. Pulses of only 2 to 
15 ms have been shown [18], [19] to give better 
results but with such short pulses the transient 
response of the loud-speaker must be allowed for, 
and it is difficult to put sufficient low-frequency 
energy into the room. An explosive source is 
better in these respects [20]; using the 0.45 pistol 
in the R.F.H. measurements were possible over 
most of the frequency range and the received 
signal varied only slowly with position. Fig. 10 
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shows the pressures recorded on an omni-direc- 
tional microphone at the three positions B, C and 
D when the 0.45 pistol was fired from the front 
centre of the platform at the last test concert. 
(It should be noted that the amplitude scale is 
linear and that the absolute amplitudes for the 
various photographs are not comparable.) For 
our present state of knowledge these photographs 
are too detailed, and an attempt has been made 
to “smooth” them by taking the mean rectified 
pressure for successive 20 ms bands and plotting 
the results on a logarithmic amplitude scale re- 
ferred to the mean pressure in the first 20 ms 
band (Fig. 11). The outstanding feature of these 
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Fig. 11. Transient responses at positions B, C and D aver- 
aged over 20 ms intervals. 


results is that at position B (in the Stalls) it is 
some 200 ms before the pressure level starts to 
decay. This is a reasonable result because of the 
reflections arriving from the canopy and the 
organ screen. However, this technique requires 
further development; rather different results are 
obtained from a less intense source and it is pos- 
sible that there may be some non-linearity in the 
behaviour of the various surfaces. Further, the 
pressure per octave-band from a pistol shot in- 


0 0.1 0.2 


— Time [s] 


300 — 600 ¢/s 


ACUSTICA 
Vol. 3 (1953) 


creases by about 10 dB per octave [20], thus 
biassing the octave-band results in Figs.10 and 11; 
it might have been better to insert an equalising 
network before the octave analysis. 

There was a slight hope that, to overcome the 
difficulty of making measurements in full halls, 
a staccato chord could be used as the source for 
these transient responses. Fig. 12 shows the re- 
sults at position C for the same test concert using 
a chord from bar 13 of the overture “‘Coriolanus”’. 
It is seen that the duration of the chord was far 
too long for any such measurements. 


Sound pressure level in dB 
relative fo the value at 5.8m 


7600 c/s 


10 20 30 40 
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Fig. 13. Steady-state sound pressure levels. 
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The transient measurements might well be 
supplemented by steady-state measurements, if 
only as an indication of the relative pressure 
levels throughout a hall. Fig. 13 shows the sound 
pressure levels in the R. F. H. using a loud-speaker 
fed with warble-tones at the centre of the or- 
chestra platform. The pressures were measured 
along the centre-line of the Hall; the pressures at 
three closely-spaced microphone positions have 
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Fig. 12. Transient responses from chord from “*Coriolanus”’. 
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been averaged to give the levels at each point. It 
is seen that at 120 c/s the pressures along the 
Stalls level fall off quicker than the inverse-square 
law which indicates, surprisingly, that the rever- 
berant sound is negligible and that there is strong 
absorption by the seats. Along the Grand Tier 
the levels correspond roughly to the inverse- 
square law. At 480 c/s the fall off is close to the 
inverse-square law along the Stalls, while the 
pressures in the Grand Tier are again rather 
greater. At the two higher frequencies the rever- 
berant sound appears to have much more effect. 

If these measurements with an omni-directional 
microphone were to be extended using a direc- 
tional microphone, we could expect to obtain 
results which would define completely the be- 
haviour at given points in the room. This dis- 
cussion has only been concerned with tentative 
methods, but it is hoped that enough has been 
said to indicate the most promising lines of 
development. 


4, SUBJECTIVE ASSESSMENTS 


a) Press comments 


A fairly comprehensive review of the comments in the 
national press (not the musical press) on the acoustics of the 
R.F.H.has been made throughout the first eighteen months 
since the Hall’s opening (omitting comments on the test 
concerts). The terms used in describing the acoustics have 
been: clarity (twenty times); brilliant (five times); beauti- 
ful, blend, definition, resonant (all four times each); alive, 
balanced, exhilarating, frightening, perfect, ruthless, shat- 
tering, subtle, superb, truthful, warm (all twice each); 
admirable, astonishing, charitable, charming, Chaucerian, 
cold, consolidated, dazzling, deplorable, eerie, exalting, 
exquisite, frank, full, glorious, hard, ice-clear, inspriring, 
intimate, lovely, magnificent, magnified, mellow, merciless, 
muddy, overbearing, ravishing, responsive, revealing, rich, 
ruinous, sharp, shimmering, shrill, sickening, sonorous, stunn- 
ing, temperamental, toneless, touchy, tremendous, unre- 
lenting, wonderful (all once each). (If it is thought that this 
list of 60 terms is overlong, it should be compared with the 
140 terms [21] used in sound recording and reproduction.) 

Ignoring the more esoteric descriptions, these press 
comments may be interpreted in terms of the requirements 
set out in Part 1. There were about 100 comments, and the 
numbers of comments on the particular acoustical qualities 
are shown in Table IV. 


Table IV 
Press comments in first eighteen months 


number of comments 


favourable unfavourable 
Definition or clarity 3 
fullness or resonance 
or singing tone 10 
blend 3 
balance 15 7 


echoes | 2 comments on absence of echoes 
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In addition, there were 20 favourable and 11 unfavour- 
able comments on the sense of climax for loud passages, 
8 favourable and 4 unfavourable comments on the string 
tone, 4 favourable and 1 unfavourable comments on the 
brilliance, and 7 comments that the acoustics were particul- 
arly good for small bodies of players. 


b) Stokowski concert 


Dr. LEopoLD STOKOWSKI conducted a concert in the 
R.F.H. on 9th June, 1951. Following discussions with the 
acoustic consultants, Dr. SrokowskI arranged the orchestra 
with all the strings on one side so that they were all more 
or less facing the audience (Fig. 14). The purpose of this 
arrangement was to see if it had any effect on the string 
tone. A letter was sent to all music critics who had assisted 
at the test concerts asking them to give their opinions of 
this concert and seven replies were received. Of these seven, 
one was seated on the right-hand side of the second row of 
the stalls, and he said that even in this position the reson- 
ance and tone were far better than he had heard in any 
other hall. He also said that the balance was much better 
than he had ever found in similar positions in other halls. 
The other six critics were all at about the middle of the Hall. 
Five of them commented that the string tone was better 
than they had ever heard in this Hall, although three out 
of the five qualified this remark by stating that it was prob- 
ably as much due to the excellence of the conducting as to 
the orchestral lay-out. Three out of the six said that the 
balance was excellent, one said the balance was fair and one 
said the balance was poor in the Beethoven and Bach works 
in the programme but good in the Stravinsky work. In 
general, the comments were very favourable. It should be 
noted that at this concert there were 118 players in the 
orchestra, that is an orchestra of the size for which the Hall 
was designed compared with the more common size of 80 
to 90 players. 


ce) Foreign scientists 


A concert in the R.F.H. on 16th September, 1951 was 
attended by 18 foreign scientists all of whom were engaged 
in acoustical research. They were: Mr. P. Arnt, Finland: 
Professor L. L. BERANEK, U.S.A.; Dr. R. Berc, Norway: 
Professor R. H. Bott, U.S.A.; Professor F. BRUCKMAYER, 
Austria; Professor F.Canac, France; Dr. L. CREMER, 
Germany; Ir. J. VAN DEN Eijk, Netherlands; Professor 
W. FurrER, Switzerland; Dr. J. J. Getux, Netherlands: 
Dr. C. M. Harris, U.S.A.; Mr. F. INcersLEV, Denmark; 
Professor C. W. Kosten, Netherlands; Mr. P. A. bE LANGE, 
Netherlands; Professor E. Meyer, Germany; Mr. A. MoOLEs, 
France; Dr. H.OBErRsT, Germany; and Professor A.C. Rags, 
Belgium. They were divided into three groups and sat suc- 
cessively in different positions in the Hall. These positions 
were: Front Stalls (seventh row, some in the centre and some 
towards the left), Terrace Stalls (seventh row, in the centre) 
and Grand Tier (seventh row, in the centre). They were 
given a questionnaire and their answers were as follows: 

1. Four preferred the Front Stalls, nine the Terrace 
Stalls, three the Grand Tier and two expressed no preference. 

2. One wanted more definition, six more fullness and 
eleven no change. 

3. Three knew better halls, and they were: (i) Concert- 
gebouw, Amsterdam, because of more reflections from a 
distance but which were not perceptible as discrete echoes: 
(ii) Concertgebouw, Amsterdam, because of more fullness; 
and (iii) three concert-halls in Basle, Zurich (Tonhalle) and 
Berne (Casino), because they had a much closer contact 
between the orchestra and audience and because the loud- 
ness was better than in the R.F.H. Two others gave 
concert-halls which were better in some respect but not on 


18 P.H.PARKIN a.0.: ACOUSTICS OF THE ROYAL FESTIVAL HALL 


Fig. 14. Dr. Leopold Srokowski conducting the BBC Symphony Orchestra on the 
9th June, 1951. 


the whole; e.g. the Musikverein’s Hall in Vienna was men- 
tioned as having greater fullness. Nine stated definitely that 
they did not know any better hall, and four did not commit 
themselves. 

The fourth question was: “Apart from your own prefer- 
ence, if you were asked by the musicians to provide (a) more 
definition or (b) more fullness of tone, how would you do it ?” 

(This question was badly worded, as “musicians” was 
not defined and was queried in a few replies as referring to 
the players or the listeners. However most replies seemed 
to understand the question — as was intended — as refer- 
ring to musician listeners.) To increase the definition, six 
suggested more reflecting surfaces closer to the orchestra, 
and three said lower the canopy. One said raise the height 
of the platform and two said shorten the R.T. To provide 
more fullness, seven said increase the R.T. (of which seven, 
five particularly mentioned the low-frequency R.T.); one 
said more diffusion; one said’ reduce and one said increase 
the reflecting surfaces close to the orchestra. 

From the above answers and from the general comments 
made by these listeners it is possible to divide their opinions 
into two broad classes. Thus thirteen of the listeners would 
put this Hall in the “excellent to very good” class (BERA- 
NEK, Berc, Bott, BRUCKMAYER, CANAC, CREMER, VAN DEN 
E1yk, Harris, INGERSLEVY, MEYER, MoLes, OBERST and 
Rags), and the other five in the “good” class (ARNI, 
FuRRER, GELUK, KosTEN and DE LANGE). 


d) Acoustic Group Meeting 


The Acoustics Group of the Physical Society held a 
meeting [22] on the 23rd November, 1951, to discuss the 
acoustics of the R.F.H. Contributions to the discussion 
were made by conductors (Dr. Srokowski had previously 
recorded his views on the acoustics), music critics, orchestra 
managers, performers and musical educationalists. Most of 
the speakers had been previously invited by the Acoustics 
Group to contribute, largely on the grounds of their known 
interest in the subject, and the contributors can not be 
taken as a scientifically selected cross-section of the musical 
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world. Nevertheless, they were 
probably more fully represent- 
ative of musical opinion than 
the comments in the general 
press, and this meeting is cer- 
tainly the most authoritative 
musical review of the acoustics 
that has as yet taken place. 

It is convenient to divide 
the contributors into two clas- 
ses: performers and listeners. 
Of the performers, the conduc- 
tors (BEECHAM, BLEcH, BouLr, 
Kries, SARGENT, STOKOWSKI) 
were on the whole very pleased 
with the acoustics and three of 
them (Krips, SARGENT, STo- 
KOWSKI) said that it was the 
best hall they knew. However, 
all except Krips qualified their 
praise by a request for a little 
more “resonance”. Two other 
performers (Miss JoAN Ham- 
MOND and Mr. Denis Mar- 
THEWS) also were very pleased 
with the acoustics, but again 
one (MatTTHEWs) wanted a 
little more resonance. Another 
performer (HEIFETZ) said, by proxy, that it was the finest 
hall in the world. 

The three chairmen or secretaries of the main London 
orchestras (Royal Philharmonic, London Philharmonic and 
London Symphony) can, from their remarks, be classified 
as listeners. One made three points: that the smaller the 
number of performers the better it sounded; that there was 
a weakness under the Grand Tier but that otherwise it was 
good; and that there was a cross-echo at the front from 
trumpets. The other two said that their orchestras were 
coming more and more to like playing in the R.F.H., but 
both stressed the need for more resonance for the listeners 
and one said that the players needed a little more help in 
hearing each other. Of the nine other listener contributors 
(three of them professional music critics) five wanted more 
fullness, and two did not; two complained that the middle 
sections of the orchestra were sometimes lost, but one did 
not agree; two suggested that more orchestral lay-outs 
should be tried to overcome some of the difficulties. 

Throughout the whole discussion there was general 
agreement that the definition and clarity in the R.F.H. 
were outstandingly good, and there were several comments 
that this has led to an improvement in orchestral per- 
formance. 


e) Casua observations 


From casual observations made by the authors, three 
points are worth mentioning. The first is that under normal 
concert conditions it is possible to hear a change in the 
quality of the orchestral sound as one moves to the extreme 
back of the Terrace Stalls, i.e. under the Grand Tier. This 
“under-balcony” effect is, of course, quite common and is 
not in this case very great. However, on one occasion an 
orchestra was playing on a flat platform specially erected 
for ballet performances, and which was 1.5 m high com- 
pared with the 23 cm height of the front of the usual plat- 
form. Under this condition it was not possible to hear any 
change in the sound between the back and the front of the 
Terrace Stalls, although it should be mentioned that all 
these seats were empty. 
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The second point is that in the boxes and the side stalls 
it is possible to hear slight high-frequency echoes, particul- 
arly from the brass. These are presumably due to the re- 
moval of the absorbents from behind the “‘Copenhagen” 
strips and to the plastering-over of most of the wood- 
wool margins. 

The third point is the unusual loudness of the sound at 
the back of the Grand Tier. This is particularly noticeable 
with solo instruments or voices, so much so that there is a 
conflict between sight and sound. The performer from this 
distance (41 m) looks, of course, quite small yet the sound 
is “unnaturally” loud. 

f) Discussion of subjective assessments 

The opinions expressed about the acoustics of the R.F.H. 
have been given in some detail because the science has now 
reached the stage where we can attempt to obtain in the 
design — if not to measure — definite musical qualities, as 
distinct from the broad classifications of good or bad 
acoustics. We can not hope to get what might be called 
absolute opinions; in other words we can not get opinions 
under controlled conditions, such as comparing directly 
slightly different acoustical conditions. This however is not 
a serious criticism of the opinions presented here. The fact 
is that these opinions are what people have said and what 
they believe; this definition of the validity of the opinions 
is sufficient for the present writers. 

One difficulty with subjective assessments is the use by 
musicians of a large number of terms, and to bring order 
into the problem it has been necessary to translate some of 
their opinions into our own terms. It does appear however 
that there is not much difference between many of these 
terms, certainly not enough to be of any consequence when 
dealing with design problems. 

The general opinion about the R.F.H. is that its acous- 
tics are very good, several distinguished individuals going 
so far as to say that it is the best of its size in the world. 
“Of its size” is an interesting qualification but one which 
we need not worry about here; concert-halls, in this country 
at least, have to be of this size if they are to be at all 
economic. Dealing with the acoustic qualities in detail, it is 
obvious that the definition in this Hall is exceptionally 
good. It is also established that there are no echoes nor 
intruding noise sufficient to call for comment. There is not 
such universal agreement on the other qualities, although 
there have been more favourable than unfavourable com- 
ments about all the qualities. The blend has been criticised 
on some occasions but this is not entirely an acoustical 
phenomenom; on occasions one orchestra has been criticised 
for lack of blend and, a few days later and by the same 
critic, another orchestra has been praised for the excellent 
blending. This remark also applies to a certain extent to 
balance; the platform has been designed to give all instru- 
ments as equal a chance as possible and, in the authors’ 
opinion, it is now the responsibility of the conductors to 
achieve good balance. It would be interesting to see some 
more experiments made similar to the Stokowski concert. 

The most important criticisms have been concerned with 
fullness of tone and, what is presumably connected with it, 
the sense of climax at loud passages, particularly with the 
extreme romantic composers such as Wagner. Most, not all, 
of the musicians want more fullness but only a little more. 
On the other hand, of the 18 scientists six wanted more 
fullness and one more definition but 11 wanted no change. 
It should be noted that there appears to be no lack of full- 
ness for the quieter and more classical pieces of music, in 
fact there have been several comments that the Hall is very 
satisfactory for small bodies of players and several chamber 
music concerts have been given in it with complete success. 
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9. CONCLUSIONS 


The main conclusions that the authors would 
draw from the above objective and subjective 
results are most usefully discussed in terms of 
what they would alter if they had again to advise 
on the acoustical design of the Hall. On all major 
points they would not change the design. The 
R.F.H. is a good hall acoustically with no serious 
faults; the rectangular plan is still favoured be- 
cause of the smaller risk of echoes; the good 
sound-insulation may be helping the definition, 
has made possible the use of the Hall for chamber- 
music and, by enabling orchestras to play very 
quietly, has increased the dynamic range possible; 
the canopy and the raking of the seats have pro- 
duced excellent definition and uniform conditions. 

The only criticisms which have been at all 
serious are those concerning lack of fullness. The 
authors hold to their original view that this lack 
would be overcome by a longer R.T.; the value 
of 1.5. at 500 c/s is 0.2 s below the KNUDSEN 
and Harris optimum (Fig. 8). It may be that 
an increase of 0.2 s would be sufficient, but a 
greater increase might be better, although the 
upper limit is indicated by the fact that when 
listening to rehearsals during the test period (the 
R.T. was about 2.3 s) the definition was appreci- 
ably worse. In any new design it would be desir- 
able to make every effort to get the R.T. at mid- 
frequencies as long as possible; if it were found 
that it was too long it would be a simple matter 
to shorten it, e.g. by introducing carpets or by 
perforating wood panels. The Appendix shows 
that over half the total absorption at mid-frequen- 
cies in the full Hall is due to the seats and the 
audience, which indicates that an increase in the 
volume per seat would be the most important 
method for lengthening the R.T. It is still thought 
essential to ensure that the R.T. at low frequen- 
cies is not too long; this would be a major fault 
as compared with the minor defect of a too short 
R.T. However in the R.F.H. as it is at present 
any increase in the R.T. at mid-frequencies 
should be supplemented by a corresponding in- 
crease in low frequencies. It might be that a 
greater increase at low frequencies, or even an 
increase only at low frequencies, would be the 
most effective way of increasing the fullness. The 
criticisms of lack of fullness have applied only to 
the louder passages of romantic and choral music, 
although there have been comparatively few con- 
certs with large choirs. This lack does not always 
occur; it may be simply that, for this class of 
music, most orchestras are a little too small for 
a hall of this size, or it may be that the absorption 
of some of the surfaces varies with intensity. 


20 P.H.PARKIN a.0.: ACOUSTICS OF THE ROYAL FESTIVAL HALL 


On minor points, the authors would not change 
the design of the canopy except that it might be 
better to obtain more blending by a general 
“closing-up”’ of all the surfaces round the or- 
chestra; this could not be done in the R.F.H. 
because of the very large organ opening required. 
The organ is always a difficulty (acoustically) in 
a concert-hall and it is debateable how far the 
orchestral and choral conditions should be sacri- 
ficed in order to help the organ. The canopy in 
the R.F.H. has, for the sake of the organ, been 
made higher than the authors would have wished, 
and although this does not appear to have hin- 
dered the definition it has probably detracted 
from the blend. 

The danger of the screening of the middle 
instruments by the front instruments was prob- 
ably exaggerated; it occurs mainly in halls with 
flat floors and it might have been better in the 
R.F.H. to have a higher platform front while still 
keeping the platform rake. Any screening would 
only have affected the front two or three rows, 
and several rows at the back of the Terrace Stalls 
would have been helped. Also, it would have been 
better to keep to the calculated rake; at the back 
of the Terrace Stalls the total difference between 
the calculated rake and the straight line adopted 
was about 75 cm, but the greater height, small 
as it is, might have helped considerably. Apart 
from this slight weakness at the back of the 
Terrace Stalls, the uniformity of the acoustics is 
good. This is particularly so at the back of the 
Grand Tier and it would have been possible to go 
further back here with little ill-effect acoustically, 
although in a sense, the limit on visual grounds 
has just about been reached. 

It should be emphasised again that this paper 
has been concerned with the practical aspects of 
concert-hall design. A large number of factors 
enter into a full discussion of concert-hall acous- 
tics, factors such as new halls affecting opinions, 
the change of music with time, the reactions of the 
ordinary public, and economic considerations. This 
paper represents the views of the authors, based 
largely on their experience with the R. F. H. but al- 
so influenced by two other new concert-halls (Cols- 
ton Hall, Bristol, and Free Trade Hall, Manches- 
ter) with which they have been connected. For 
those who disagree with these views they would 
end with another quotation from CHAUCER: 


“And who so sayth of trouthe I varye, Bid hym 
proven the contrarye.” 
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of the R. F.H., and the last-named for some of the 
ideas discussed in part 3e). The following also 
helped in the design and testing: Miss E. S. J. 
STEDEFORD and Messrs. H. Creicuton, R. O. B. 
Hinscu (of the Argentine), H. R. HumpHrReys. 
C.A.G.Pursewi, T.G.C.Sprers and E.F.Stacy. 

The work described here is part of the research 
programme of the Building Research Board of 
the Department of Scientific and Industrial 
Research and is published by permission of the 


Director of Building Research. 
(Received November 6th, 1952.) 
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ETUDE THEORIQUE DE MOUVEMENTS VIBRATOIRES 
AVEC OBSTACLES ET DISCONTINUITES 
par J. GUITTARD ; 


Institut Catholique de Toulouse 


Sommaire 


Des mouvements vibratoires spéciaux avec obstacles ou discontinuités diverses sont analy- 
sables par poussiéres et capsules manométriques et susceptibles de représentations mathéma- 
tiques convenables. 

Ce sont d’abord des phénoménes de circulation non périodiques et des phénoménes tourbil- 
lonnaires, auxquels on peut joindre les rides de Kundt. Les lignes de courant s’obtiennent a partir 
de potentiels complexes et de représentations conformes dans un espace & deux dimensions. 

L’étude d’un branchement (tuyau en Y) montre davantage encore la nécessité de faire appel 
a un certain nombre d’hypothéses, telles que les réflexions successives et l’amortissement des 
ondes sonores, moyennant lesquelles les résultats expérimentaux sont bien représentés. 


Zusammenfassung 


Schwingungsbewegungen in der Umgebung von Hindernissen und Diskontinuititen lassen sich 
mit Hilfe von Staubteilchen und Drucksonden ausmessen und sind der mathematischen Dar- 
stellung zuganglich. Dies gilt zuniachst fiir nichtperiodische Zirkulations- und Wirbelerschei- 
nungen, zu denen man die Kunptschen Staubfiguren rechnen kann. Die Stromlinien erhilt man 
durch Anwendung von komplexen Potentialen und konformen Abbildungen im zweidimensio- 
nalen Raum. 


Summary 


Special types of vibratory movement with obstacles or discontinuities can be analysed by 
the powder method or by manometric capsules and are susceptible to mathematical repre- 
sentation. 

Of this type are non-periodic circulations and vortex phenomena, to which may be added 
Kunpt’s striations. The stream lines can be derived from complex potentials and conformal 
representation in a two-dimensional space. 

The study of a junction (Y tube) shows also the necessity of making hypotheses concerning 
the successive reflections and attenuation of the sound waves, having regard to which the 


experimental results can be well satisfied. 


1. Introduction 
Matériel 


Les expériences suivantes ont été réalisées avec 
un tuyau en laiton, d’épaisseur 1 mm, de diamétre 
variable suivant la fréquence utilisée: 4 cm pour 
N=100 c/s, 3 em pour N= 300 c/s et au dela. 
Ce tuyau est alimenté, a l’une de ses extrémités, 
par la plaque d’un téléphone dépolarisé, donnant 
une fréquence double de celle du courant qui le 
traverse. 

Ce courant est celui du secteur (N= 2 x 50 c/s) 
ou celui d’un hétérodyne a basse fréquence con- 
venablement amplifié. Dans ce dernier cas, la 
fréquence est controélée au moyen de Voscillo- 
graphe cathodique, par comparaison avec celle 
du secteur. Cette derniére peut étre considérée 
comme constante a moins de 2% prés. L’inten- 
sité du courant (de quelques mA a 200 mA) est 
réglée par transformateur, potentiométre, rhéos- 
tat, suivant les cas, et mesurée par un milli- 
ampéremétre. 


L’étanchéité du systéme, lorsque le tuyau est 
fermé, est vérifiée par le gaz d’éclairage que l’on 
chasse ensuite par un courant d’air. 


Méthodes de mesure 


a) Amplitudes. Des grains d’amidon (de quel- 
ques microns) reproduisent fidélement le mouve- 
ment de l’air dans lequel ils sont en suspension, 
pour l’amplitude et la phase, jusqu’a des fré- 
quences de 1500 c/s. Lorsque le tuyau vibre, ils 
se présentent sous forme de batonnets dont la 
longueur est le double de l’amplitude. Cette lon- 
gueur est mesurée au moyen d’un ultra-micros- 
cope a long foyer, la distance focale étant de 
Vordre de grandeur du centimétre, soit par obser- 
vation directe avec un oculaire micrométrique, 
soit par photographie, le temps de pose étant 
toujours légérement supérieur 4 la période du 
mouvement vibratoire. Les batonnets peuvent 
atteindre | mm; le plus souvent, ils ne dépassent 
guére le dixiéme de cette valeur. Leur épaisseur 
est absolument négligeable. 
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b) Phases. Aux points convenables, sont bran- 
chés des conduits étroits (2 4 3 mm de diamétre), 
reliés 4 deux capsules manométriques. Ces der- 
niéres actionnent de facon trés sensible deux 
miroirs dont les axes de rotation sont perpendi- 
culaires. Un point lumineux, vu par réflexion sur 
les deux miroirs, se présente sous forme d’une 
ellipse de Lissajous, donnant les différences de 
phases. La longueur des conduites reliant les cap- 
sules au tuyau est choisie de maniére A ne pas 
modifier |’état vibratoire de ce dernier. 

Dans certains cas, les grains d’amidon décrivent 
non plus des batonnets, mais des ellipses qui 
peuvent donner directement la différence de 
phase entre les deux mouvements dont elles sont 
la résultante. Le sens de circulation du grain sur 
sa trajectoire est déterminé par un stroboscope 
a lame vibrante. 

La précision des mesures est de l’ordre de 1/55, 
ce que j’estime suffisant, la théorie élémentaire 
des tuyaux sonores ne permettant pas d’aller 
plus loin. 


2. Obstacles au ventre d’un tuyau sonore 


Circulations, potentiel complexe correspondant 


Le tuyau utilisé est fermé; il est réglé pour 
donner le fondamental a la fréquence 100 c/s; 
par suite des corrections aux extrémités, sa lon- 
gueur (160 cm environ) est légérement inférieure 
a une demi-longueur d’onde. 

Le probléme peut étre considéré dans deux di- 
mensions: Ox, axe du tuyau, Oy, perpendiculaire a 
cet axe et a la direction d’observation. Les obs- 
tacles seront cylindriques, les génératrices étant 
perpendiculaires a Ox et Oy; ils seront assez 
petits pour ne pas modifier sensiblement l’état 
vibratoire du tuyau. 

Les poussiéres apparaissent sous forme de 
batonnets paralléles a Ox loin de l’obstacle, ou 
sous forme d’ellipses dans son voisinage immédiat. 
Ces ellipses et batonnets, par leur déplacement, 
mettent en évidence une circulation indiquant 
l’existence de plusieurs centres tourbillonnaires. 
De plus, certaines poussiéres décrivent des ellipses 
fixes, que j’appelle «stationnaires», dont le grand 
axe est approximativement égal a la longueur des 
batonnets (double amplitude du mouvement 
vibratoire) et dont l’un des foyers coincide avec 
le centre tourbillonnaire. 


Ci; 


SSZA 


Fig. 1. Ellipses stationnaires, obstacle cylindrique circulaire. 
Les fléches indiquent le sens de parcours de l’ellipse 
par la poussiére. 
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Je me suis proposé de rechercher des expres- 
sions mathématiques rendant compte de ces cir- 
culations au moyen de potentiels complexes, 
permettant le tracé des lignes de courant corres- 
pondantes. 


Cylindre circulaire (Fig. 1) 
Le potentiel complexe: 


p(z) =—V, (: | 


R2 
:) 
correspondant 4 un écoulement avec obstacle 
cylindrique de rayon R ne donne pas de tour- 
billons. 
Considérons le potentiel: 
(z — A) (2— C) 


P(z) =iM log (E=BC=D) (1) 


dans lequel: M est une constante réelle, 
z2=x+iy=o(cosO+ isin), 
A=r(cosg+ising). 


B, C, D sont symétriques de A par rapport aux 
axes de coordonnées et se suivent dans cet ordre 
dans le sens positif. 4, B, C, D sont les centres 
des tourbillons (Fig. 2). 


yh 
B A 
e r_? 
p oL--‘e S 
x 
e e 
C D 


Fig. 2. Emplacement des quatre tourbillons A, B, C, D du 


potentiel 


D(z) =i Mlog Sierah Zanes 


Nous utiliserons ensuite la représentation con- 
forme définie par: 


2=5(Z+ 7). (2) 


La portion d’axe réel obtenue quand z varie de 
—1l1 a +1 est transformée en une demi-circon- 
férence de centre O et de rayon R. En effet, si 


Z= Re, 
z= ReosO 


Aux points A, B, C, D correspondent les points 
A,, B,, C,, D, dont les positions sont données 
expérimentalement et varient avec R et l’ampli- 
tude du mouvement vibratoire (Fig. 3). 


@ variant de z a 0, 


varie de —_la-+l. 
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yh (o? + r?)? —4r? 0? cos? (O — q) 
~ (4 PE 4 cos (0+ 9) 
f1 ft et 
R!\? Rt 
OR om (2+ a —4-7 cos? (0 — g) 
( x y = ——— . 
R?\2._R! 
Mritedei Wey RO 
Re Ryy (08+ 4-70 cos? (0 + q) 


Fig. 3. Emplacement des quatre tourbillons avec un obs- 
tacle cylindrique, aprés transformation. 


S’il est facile de construire les lignes de courant 
provenant du potentiel (1), la transformation (2) 
donne des calculs pénibles. On peut procéder 
autrement, bien que les résultats soient les mémes. 
Associons aux tourbillons A, B, C, D leurs images 
A’, B', C’, D’ par rapport au cercle R (Fig. 4). Le 


nouveau potentiel sera: 


Atlog Ca) ee) 
P(e) — iM les (= BG = DiC ee) 
dans lequel 
R2 


A= 


if 


(cos y + isin g) 


et de méme pour B’, C’, D’. Les lignes de courant 
seront définies par: 


4 
4 a 0” cos? (O + | 


Fig. 5. Circulations pour un obstacle cylindrique. 


= Constante = K. 


aN 
[(g” + r?)?— 47° 0? cos? (O—@)] IG - | = 
4\ 2 
a 


—— 
[(o? + r°)?— 41? 9? cos? (@ + ol} (e* 3 . ) = s @ cost(0—g)| 


4 


Fig. 4. Les quatre tourbillons de la Fig. 2 et leurs images 
par rapport a la trace du cylindre obstacle. 


Pour K=1, on a comme ligne de courant, non 
seulement les axes, mais aussi le cercle 9o= R; 
ear, alors, les deux fractions dont l’expression 
ci-dessus est le produit sont inverses l'une de 
Vautre. Nous ne garderons comme lignes de cou- 
rant que celles qui sont extérieures au cercle R. 
On construira séparément les familles de courbes: 


On prendra ensuite les points d’intersection tels 
que u/v= K. La deuxiéme famille est d’ailleurs 
homothétique de la premiére dans le rapport 
R?/r?, ce qui simplifie les calculs. 

Les courbes de la figure 5 ont été construites 
pour p=45° et R/r=%. 
Lame mince (Fig. 6) 

On peut négliger l’épaisseur lorsqu’elle est infé- 
rieure a 0,1 mm. 

Le potentiel (1) convient; r et g sont fonctions 
de la hauteur de la lame et de l’amplitude. 

Les courbes de la figure 7 ont été construites 
en prenant m= are tg 2. 


Fig. 6. Ellipses stationnaires; l’obstacle est une lame mince 
perpendiculaire au plan de la figure. 
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On pourrait aussi se servir des courbes précé- 
dentes (Fig. 5) en leur appliquant la transforma- 
tion définie par: 

2*— R? 


a> 22 


qui remplace le demi-cercle supérieur z= Re'® par 
le segment imaginaire de 0 a | parcouru deux fois, 
| 

car on a alors: 


ee] ‘ ’ 
Z—=R-aae = i RsinO. 


Fig. 7. Circulations pour une lame mince. 


Angle solide 2x, disposé symétriquement 
par rapport a l’axe du tuyau (Fig. 8). Soit le 
potentiel complexe: 


P, (2) =iMlog =e 
dans lequel 

A=r(cosg+ising)= re? et B=rei?"—9, 
La représentation conforme: 


ie gi—a/n 


Fig. 8. Ellipses stationnaires; l’obstacle est un angle diédre 
20. 
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fera correspondre au plan tout entier des z, un 
angle 27— 2« dans le plan des Z. Les courbes de 
la figure 9 sont construites pour 1=2/4 et 


g=2/4. 


9) 4 
03 


Fig. 9. Circulations pour un angle solide. 


Lame plus épaisse (Fig. 10). L’épaisseur 
étant comprise entre 0,1 mm et 2 mm, on a quatre 
tourbillons. II suffirait d’appliquer, 4 un potentiel 
a huit tourbillons convenablement disposés, une 
transformation remplacant l’axe réel par un 
rectangle. 


Fig. 10. Ellipses stationnaires; l’obstacle est une lame 
d’épaisseur moyenne. 


a) Si la lame est assez haute, plus de 2 cm par 
exemple, on peut considérer les phénoménes de 
chacune de ses extrémités comme indépendants, 
a condition de ne pas trop s’éloigner du bout de la 
lame. Dans ce cas, la transformation conforme 
consiste 4 obtenir une demi-bande, ou, si l’on 
veut, un rectangle dont deux sommets sont 
rejetés a Vinfini. 

On utilisera la transformation définie par 
Oi ray 
dz 

Nous prendrons comme intégrale: 


Z = 2) 22—1—log (z + //2?—1) (4) 


la détermination choisie étant telle que pour 
z=0, Z=—iz/2. On vérifie facilement que: 
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pour z réel, négatif et tendant vers l’infini, Z a 
pour partie imaginaire —z, sa partie réelle ten- 
dant vers plus V’infini; 

pour ‘2 réel, compris entre —1 et +1, Z est 
imaginaire pur et varie de —iz a 0; 

pour z réel, positif et tendant vers plus l’infini, 
Z est réel et tend vers plus linfini. 


On partira toujours du potentiel (1): 
jh (z —A) (2—C) 
D(z) =iM log Ei SD) (1) 


dans lequel on a pris 
A=V/2 (1+i) 


et des valeurs correspondantes pour B, C et D. 
On obtient ainsi les courbes de la figure 11. On 


Fig. 11. Circulations pour une lame haute. 


remarquera que, dés que |z| est assez grand, supé- 
rieur 4 4 par exemple, on peut écrire la formule de 
transformation (4) en développant en série sui- 
vant les puissances de 1/z, ce qui donne, en ne 
gardant que les premiers termes: 


Z= 2 — log z— log 2. 


Ces courbes sont théoriques; au voisinage de 
Vune des arétes de la lame, elles donnent une 
vitesse infinie. Dans la réalité, l’aréte est toujours 
plus ou moins arrondie; les courbes dessinées sont 
des courbes limites. 

b) Siles phénoménes aux extrémités ne peuvent 
plus étre considérés comme indépendants, il faut 
une transformation faisant correspondre au demi- 
plan supérieur des z l’extérieur d’un rectangle 
fini. 

Par analogie avec la formule de Scuwartz: 

dZ 1 
dz /(z?— a?) (22 b?) 


qui fait correspondre au demi-plan une infinité 
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de rectangles, conséquence de la double périodi- 
cité des fonctions elliptiques, considérons: 


as Ge 
ap Ve 


a?) (22 


b). 


Fig. 12. Transformation de l’axe 
réel pour 


2 =a) PB. 


L’axe réel des z est transformé en le contour de 
la figure 12, contour qui s’étend a l’infini. Prenons: 


dZ 2 2 2 2 
5 =f @OVe-aA eb 


Il est possible de choisir f(z) de maniére que le 
rectangle se ferme. I] faudra que la fonction f(z) 
ne devienne infinie pour aucune valeur finie de z. 


Si l’on prend: 
-1\4 
1 
) Je a”) (2— a : 


k et a étant deux constantes positives, la deu- 
xiéme inférieure 4 1, on aura, en prenant des 
valeurs réelles pour z (Fig. 13): 


a 2414 
— 1 (ae fs 1 
Tam | Ze ( ) (2—a" ("| dz, 


0 


AZ Ke 
———— -e 


dz 


ae ce 2 I 
AB= ze ‘ |) (7a dz, 
fe ate) i 
BO'— | 3 be ee) (*—3) dz. 
l/a 
0 A 
Fig. 13. Transformation de l’axe réel pour 
o2 — Fe) (a) —1]a8) 
en choisissant convenablement 
f(2). > B 


En posant dans la derniére intégrale z= 1/u, on 
vérifie que BO’= OA et done que le rectangle se 
ferme. 

La transformation est done définie par: 


Pat | 4 oT) aay [= ) Pre 


La transformation plus simple: 


22 il o-* (ia) (=) ds 
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pourrait convenir si les constantes a, b et k 
étaient choisies de maniére que, pour 2 réel, on ait: 


a +co 


0 b 


et que le rectangle ait la forme convenable. 

De toutes maniéres, la construction des lignes 
de courant serait longue et pénible. 

Lame plus épaisse, c’est-a-dire d’épaisseur 
supérieure a 2 mm (Fig. 14). I] faut rendre compte 
de quatre ellipses 4 chaque extrémité. Le pro- 
bléme est analogue au précédent. I] faudra seule- 
ment partir d’un potentiel ayant deux fois plus 


de tourbillons. 


Axe du | 
tuyau 
Yen 
Fig. 14. Ellipses stationnaires; l’obstacle est une lame 


épaisse. 


Les lignes de courant ainsi obtenues ne donnent 
pas d’ellipses, mais des courbes fermées, se rap- 
prochant de circonférences prés des centres tour- 
billonnaires. En réalité, les poussiéres sont sou- 
mises 4 deux mouvements: la circulation corres- 
pondant a ces tourbillons et le mouvement 
périodique de l’air du tuyau. Les lignes de courant 
proposées plus haut sont parcourues par les pous- 
siéres en un temps Tt d’autant plus court qu’elles 
sont plus prés des tourbillons. Lorsque t= T, 
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et c. Nous prendrons pour B,: a—b et c, pour By, 
2a—b etc, pour B,, na—b et c. Pour que Ox soit 
une ligne de courant, nous ajouterons les images 
de ces tourbillons par rapport a cette ligne. Leurs 
coordonnées s’obtiennent en changeant c en —c. 


A2 Bo A; 
4+ ---+— ----- + ----+-- - 
| ! 
| 
! | 
On 03 | 
oe % 
Fig. 15. Emplacement des tourbillons dans le cas des rides 
de Kunpr. 
On aura alors le potentiel complexe: 
f(@) = 
n=-+00 
iA }) [log (z—b—an—ic) —log (2 + b—an—ic) 
n=—oo 


—log (z—b—an + ic) + log (z+ b—an + ic)]. 


Pour les tourbillons A; et leurs images, nous 
avons remplacé n—l1 par n, ce qui est possible 
puisque n varie de moins l’infini 4 plus Vinfini. 


sin 


(z—b ic) sin ™ ic) 


(2+b 


f(z) =iA log 


sin 


It 
a 
It : 
= ic) 


le 
(z + b—ic) sin — (z—b 
a 
Les lignes de courant s’obtiendront en prenant 
la partie imaginaire de f(z). On aura pour 
équation de ces lignes: 


période du mouvement 2 9 9 9 
vibratoire, on aura une A jen = (y—c)—cos = (x | jen — (y +¢)—cos = (x + 0)| 
ellipse stationnaire. log = c 
2 ree ’ 2a b ne 2a eed 
3. Rides de Kundt f a C08 (a t- | e Pe tn ee E08 | 


Elles semblent bien étre la conséquence de cir- 
culations analogues a celles qui produisent les 
ellipses stationnaires. Nous allons essayer de 
trouver un potentiel complexe, donnant des 
lignes de courant convenables. 

Comme le nombre des rides est grand, nous 
pouvons, en dehors des extrémités, considérer ce 
nombre comme infini. Soit (Fig. 15) une coupe 
du tuyau: x’x est la trace du fond, paralléle a 
V’axe. Les rides, perpendiculaires 4 l’axe du 
tuyau, et donc au plan de la figure, apparaissent 


en O,, 05, 03, etc.; leur équidistance est a. Plagons 
‘en A,, Ay, Ag, etc., puis en B,, B,, B;, etc., des 


tourbillons de sens convenables, indiqués par la 
figure. Par rapport a l’origine O,, les coordonnées 
de A, sont b et c; celles de A, seront a+b et c, 


celles de A,,2a+b etc, celles de An, (n—l)a+b 


Pour les construire, nous poserons: 


2a 2m 
ch > (y—c)—cos > (x—b) 
“= : 
ch a (y—c) —cos 2! (x +b) 
et 
21 270 
ch = (y +c) —cos . (x + 6) 
es ee a 


Bx 2a 
ch os (y +¢)—cos = (x—b) 


Les différents points des lignes de courant s’ob- 
tiendront en considérant les points d’intersection 
de deux des courbes ci-dessus, telles que u x v= K. 

Prenant pour simplifier a=2z et b=c=2/4, 
on obtient pour les courbes u: 
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Tt yaet 
ch ( a ee yar: os (x—¢). 


Pour les courbes v, on remarquera qu’on les ob- 
tient A partir des précédentes en remplagant u 
par 1/v et en diminuant y de 7/2. 
On obtient ainsi les courbes de la figure 16. 
Ne 


\\i/ WW 


Fond du tuyau F—- ~-p--=----- DL = + Ride 
qt/4 


Fig. 16. Circulations des rides de Kunpr. 


4. Tuyau sonore avec dérivation 


Les résultats expérimentaux étant les mémes 
pour des formes de dérivation différentes, j’ai fait 
choix d’un embranchement en Y, suivant la 
figure 17, les deux branches faisant entre elles un 
angle de 90°. Les longueurs Ox=X, Oy=Y, 
Oz=Z sont variables au moyen de coulisses fer- 
mées a leur extrémité. J’ai utilisé les deux fré- 
quences 100 et 300 c/s. Les résultats sont tout a 
fait comparables. Les courbes tracées ici corres- 


pondent 4 N= 300 c/s. 


Fig. 17. Tuyau avec dérivation en Y. 


a) Amplitudes. Elles sont mesurées en A et B, 
a 3 cm du centre de branchement. Le systéme est 
symétrique par rapport a Ox et Oy. Les courbes 
donnent le relief de l’amplitude A, dans la 
branche Ox, suivant les valeurs de Ox=X et 
Oy=Y, Oz=Z ayant une valeur déterminée. La 
valeur réelle des amplitudes n’est pas indiquée, 
les valeurs proportionnelles suffisent. 

Si Oz=Z=1/4 ou (2k+ 1)A/4, A étant la lon- 
gueur d’onde, on obtient les courbes de la figure 18. 
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LEMS ZO ZEON SL SESE Ch 
Fig. 18. Courbes expérimentales pour Z=//4. 


Les amplitudes sont d’autant plus grandes que 
la branche Ox a une longueur plus proche de 
1/4, et, pour une valeur donnée de cette longueur, 
d’autant plus petites que l’autre branche, Oy est 
plus voisine de 1/4. Tout se passe comme si l’onde 
stationnaire située dans Oz se partageait en deux 
parties, l’une dans Ox, l’autre dans Oy. 


0 
24. 26... 28) c0 WN 32 S25 Gem 


0 
Zi 26k 28 30” eee 
Fig. 20. Courbes expérimentales pour Z = //2. 


Si Oz= Z=A/2 ou kA/2, on obtient les courbes 
de la figure 20. La série de maximums obtenus 
pour X +Y=constante=//2, montre que len- 
semble tend a vibrer entre Ox et Oy, Oz étant 
alors désaccordé. 

Pour des positions intermédiaires, les deux 
aspects se présentent, avec prédominance du 
second dés que lon s’écarte de quelques centi- 
métres de Z—//4. Les courbes de la figure 22 
correspondent a Z=//4-+ 2/60. 

Il est possible de parler d’effet « filtre». L’ampli- 
tude dans la branche Ox est minimum lorsque 
Oy = Y=//4. Dans le cas ott ce minimum est le 
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0 
LA OE CO OU ©, SD cm 


On4 26 


28 
Fig. 22. Courbes expérimentales pour Z=//4+ 1/60. 


30) 792 934 cm 


moins marqué, le rapport des amplitudes est 1/2, 


soit pour l’énergie un rapport 1/4. Ce rapport est 


presque toujours beaucoup plus petit. 


b) Phases. Les capsules manométriques a miroir 
étant branchées aux extrémités M et N, les 
différences de phases entre les deux branches 
Ox et Oy ne dépendent pas de la longueur Z 
(Fig. 24). Il n’en est évidemment pas de méme 
des différences de phases entre M ou N et le télé- 
phone P. Les mesures peuvent étre contrélées en 
vérifiant la relation: 


QM, N = ~M, P+ PP, N- 


Nous avons remarqué que pour X + Y=A//2, 
les deux branches de l’Y semblaient vibrer en- 
semble, indépendemment de Oz, surtout quand 
la longueur de cette derniére branche était voisine 
de 1/2. La différence de phase entre M et N 
devrait alors étre égale 4 7: ce qui ne correspond 
pas du tout a l’expérience. 


AOC 
Lt 
30 632°) 63 em 


Fig. 23. Courbes théoriques pour Z = //4+ 7/60. 
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Fig. 24. Courbes expérimentales des différences de phases. 


Fig. 25. Courbes théoriques des différences de phases. 


Tuyau unique. Calcul des amplitudes 


Comme préliminaire au calcul des amplitudes et 
phases pour un tuyau avec branchement, voyons 
ce qui se passe pour un tuyau unique dont on fait 
varier la longueur L (Fig. 26). 

Les amplitudes ont été mesurées, pour la fré- 
quence 100 c/s, en différents points: depuis le 
fond, opposé au téléphone, jusqu’a 80 cm de ce 
point, ce qui représente environ un quart de lon- 
gueur d’onde. Pour une longueur donnée du 
tuyau, on obtient une variation sinusoidale. Soit 


aoa 


Fig. 26. Tuyau unique. 
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x la distance du fond du tuyau au point d’obser- 
vation, amplitude est de la forme: 
x 


A 


Up = ksin 2a 


Le coefficient k dépend de la longueur L du 
tuyau. Pour différentes valeurs de L on obtient 
les courbes de la figure 27. 


8 - 1/10mm 


*Com] 


Fig. 27. Amplitudes du mouvement vibratoire en fonction 
de la distance du point d’observation au fond du 
tuyau, pour différentes valeurs de la longueur to- 
tale de ce tuyau. Courbes expérimentales. 


Si nous considérons les amplitudes en un point 
donné du tuyau («=20cm par exemple), on 
obtient les points placés sur la figure 28 et corres- 
pondant a différentes valeurs de L. On voit que 
la résonance du tuyau a lieu pour une longueur 
voisine de 160 cm, légérement inférieure 4 une 
demi-longueur d’onde. 


0 
130 150 170 190 
L tem] 


Fig. 28. Amplitudes & 20cm du fond en fonction de la 
longueur du tuyau. 
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Soit u, l’onde progressive émise par la plaque 


du téléphone: 
: t Dos ve 
u, = sin 27 ( + i) 


Pra 
en prenant, pour simplifier, l’amplitude égale a 1. 
Cette onde se réfléchit sur le fond et donne: 


d’ot: onde résultante: 


u = U, + Uy = 2 cos 2a al sin 205. 
A une distance donnée du fond du tuyau, 
V’amplitude sin27x// ne dépend pas de L. Faisons 
intervenir les autres réflexions. Admettons que la 
réflexion sur la plaque téléphonique se fasse 

comme sur une paroi rigide, on aura: 

=sin2n (4 a fe 
ug = SIN 27 (7 7 - i) 


puis, 


et ainsi de suite. Groupant les termes deux a deux 
et additionnant, on aura: 


u = 2cos2z (rag) ain Ser ee 


Te) A 
Gi dee ENS x 
+2082 (qn —') sim 2 +o 
; a hae 
w= 2sin 25 |eos2x (7 — 7) + 
pee (t  3L 
corte ($32) 4], 


L’expression entre crochets est la partie réelle de 


exp [ Qn (7 ail exp i Qn ta A pei bape 


C’est une progression géométrique de raison égale 
exp [i2a(— 2L/A)]. Mais, comme le module de 
chaque terme est égal a 1, la série est divergente et 
lamplitude infinie. 

En réalité, l’onde s’amortit. Au lieu de supposer 
cet amortissement proportionnel au parcours, 
admettons, ce qui revient en gros au méme, que, 
chaque deux réflexions, amplitude soit multi- 
pliée par o, « étant positif et inférieur 4 1. On 
aura alors pour somme des termes de la pro- 


gression: 
¢ L 
7a) 
~ l—a«-exp(—i2a2L/A) 


d’ot lon tire: 


exp [ 2a 
S 
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a IG BNE, é 2L t =| 
Oso (=e 1s (1 ea ey me 2 eee 
cos a (a | (1 x cos 27 2) to sin 2 7 sin 2x (4 7 
u=2sin27—- aL - 
1+«a«?—2« cos sa ere 
Si on pose: 


; geen & 
u = Asin 2 (7-7) -9| 


on a l’amplitude A donnée par: 


: 4 sin? 2a x/A 
At = 1l+a?—2x cos2a2L/A 


= k? sin? 27 x/A 
avec 
2» 2 

V1 +0? —2« cos 2n2L/Aa 
La courbe de la figure 28 est tracée pour «= 0,8; 
elle rend compte de facon satisfaisante des résul- 
tats expérimentaux. 
Calcul des 


dans un tuyau en Y 


k 


amplitudes et des phases 


a) Amplitudes. Pour rendre compte des courbes 
obtenues en faisant varier X, Y et Z, faisons les 
hypothéses suivantes: 


Soit: 
E E z 
Uy = sin 27 G 7 


Vonde progressive émise par la plaque du télé- 
phone, z étant compté a partir dela plaque, vers 
O (Fig. 17). L’amplitude est prise égale 4 1. En O, 


elle se partage en deux ondes: 


Uox = ksin 2x 71) 


et 
Uoy = ksin 2x G ae 5 


k étant un nombre positif inférieur 4 1. Ces deux 
ondes vont se réfléchir, respectivement en M et N, 
revenir en QO, s’y partager de nouveau et ainsi 
de suite. Admettons qu’a chaque réflexion 
Vamplitude soit multipliée par «, nombre positif, 
inférieur 4 1, pour tenir compte de l’amortisse- 
ment. On aura le schéma suivant, pour la 


branche Ox: 


Onde une fois partagée, allant de O vers M: 


Onde une fois partagée, réfléchie en M: 


t Z 2X 5) 


~aksin2a (7, 7 7 +4 


Onde deux fois partagée, de O vers M: 


asin 2x (7 — 7) 


ARRAN A). 
Onde deux fois partagée, réfléchie: 


Ue Val 2X) a 
eee ce i] 


— «? k?2 sin 2 ( 


Exprimons les ondes sous forme complexe. 
Faisons x=0, ce qui correspond a peu prés au 
point d’observation, prés de O. Posons: 


2a (p-G)=% Se ie 


Tinea), A 
ME i 
2h = Sia 


On aura pour somme de ces différentes ondes, 


allant de O vers M: 


S,=ke’, 

S,=akte @~, 

S, Les lentes aie a (a—v—w) Li iS al 
ou 


Ss Sen Ce prem eye on Neat) 
= c 


et ainsi de suite. Les ondes réfléchies s’obtiennent 
en multipliant les précédentes par — xe". 
On vérifie la relation de récurrence: 


Bee aiklem were 1 Re ET Ce 


13 Qn3 k3 eat v + w) eee 


ou: 


Se = A pie SP BS,—3 
en posant: 


A — n2 ke? [one ae Jigs i(v—w) se i(u 4 x 


et 
B - 2x3 k3 ga +out+ #).. 


En groupant les S, deux par deux (pairs et 
impairs), on obtient leur somme sous forme de 
séries géométriques, convergentes grace aux fac- 
teurs k et x, inférieurs 4 1. On trouve ainsi: 


S, +S, + (1 — A) So 


“ioe 1— 4p 


En y ajoutant les ondes réfléchies, on obtient 
finalement: 


32 J. GUITTARD: OBSTACLES ET DISCONTINUITES 


e“k(1—« 


ACUSTICA 
Vol. 3 (1953) 


e “)(l+ake *”) 


ea ae TN es histo eM 


i(u + | Sd 2x3 k3 eile +vtw)°* 


La partie imaginaire de cette expression représente les phénoménes. Elle est de la forme: 


u = Asin [2( 


be Zi a 
roa) +]: 


L’amplitude A est le module de S; y est l’argument, changé de piene du coefficient de e™“ 


Soit Z = 1/4; on aura: 


e“k(1 = Ow) (Ue ake '’) 


look? [eo  2e7 Senge 


—itu+v) 


20% kee 


Les courbes de la figure 19 sont construites pour «k = 0,9 et « = 0,99. 


Soit Z = 4/2; on aura: 
e“k(1l—ae 


Solas 


1—o?k?(e +e *") 


D’owt les courbes de la figure 21. 


—o2k2(1 + 2xekye ty 


Enfin, pour Z=A/4 + 1/60, on a les courbes de la figure 23. 
Les courbes théoriques et expérimentales sont comparables; les premiéres rendent compte de 
Vallure des phénoménes sinon de leur grandeur exacte. 


b) Phases. A V’extrémité M de Ox, on a 


SxS euiiya 
pour les ondes allant de O vers x. De méme, pour les ondes réfléchies: 
Sse 
D’ou, pour l’ensemble: 
e“ke '“? (1—«)(l+ak e'’) 


SS 


i(u + v) i(v 


1—«?k? [e +e 
et une formule analogue pour S,. 

La différence de phase entre les mouvements 
des extrémités des deux branches sera égale a la 
différence des arguments des deux expressions 
S, et Sy. Elle sera indépendante de w, donc de Z. 

La phase de Oy, diminuée de la phase de Ox, 


donne: 


(1 —a?k?*) (tgu/2 — tgv/2) 


Ba Aces ae ak)?+ (1—a«k)?tgu/2-tgv/2 
ou encore: 

—areit l-ak , Le 2 lok . v 
eer Sliak baa 3 pera 5° 


Les courbes u=constante sont égales et trans- 
latées suivant l’axe des phases. (Courbes de la 
figure 25.) 

Si les courbes théoriques ont la méme allure 
que les courbes expérimentales, elles en sont plus 
éloignées cependant que les courbes des ampli- 
tudes; on ne peut les utiliser pour représenter les 
phénoménes en détail. 


up 


i(u-+ = = 2x33 el fut) 


Les mesures sont d’ailleurs moins précises que 
dans le cas des amplitudes. L’expression: 


ab 
sing = AB 


ou a et b sont les axes de l’ellipse de Lissajous 
vue a travers les deux miroirs, A et B les ampli- 
tudes mesurées suivant les axes des miroirs, 
montre que l’erreur dq sur la phase peut devenir 
infinie; cela a lieu lorsque p=2/2. On a en effet: 


‘\da|  |db| dl [dB 
dp = ( dhe Noel eerie ) tap. 


or. ae 


Lorsqu’on veut étudier avec quelques détails 
les mouvements vibratoires d’une certaine cavi- 
té, on se trouve toujours loin des conditions 
idéales de la théorie élémentaire. Des hypothéses 
plus ou moins ingénieuses permettent de rendre 
compte assez bien des phénoménes observés: 
mais on n’atteint jamais des résultats pleinement 
satisfaisants. 


(Regu le 8 avril, 1952). 


MEASUREMENTS OF SOUND ABSORPTION 
IN WATER AND IN AQUEOUS SOLUTIONS OF ELECTROLYTES 
by G. KURTZE and K. TAMM 


III. Physikalisches Institut der Universitat Gottingen 


Summary 


By means of four types of apparatus, working in successive frequency ranges, absorption 
measurements were made in the large frequency range 4: 10% to 108 c/s. For the lowest fre- 
quencies (4-50 ke/s) the absorption was determined from the decay of single normal modes of 
oscillation of a spherical vessel, filled with the solution. In the medium range (50-1000 ke/s) a 
reverberation method was applied. Above 1 Mc/s the attenuation of progressive waves was 
measured with the optical method, using two different techniques (3-15 Mc/s and 20-100 Mc/s). 

The measurements in water yield a value «/v?=25-10-" s?/m at 20°C, independent of fre- 
quency down to 100 ke/s. 

The experimental results with electrolytes permit a number of fundamental conclusions with 
respect to the dependence of the absorption on frequency, on concentration, temperature and 
pu-value of the solutions and on the properties of the ions such as valency and ion radius. 

The results indicate relaxation processes. As an attempt of interpretation, four models are 
discussed: 1., excitation of molecular degrees of freedom, 2., hydration of the ions, 3., formation 
of ion associates, and 4., hydrolysis, the latter being the most probable one. 


Sommaire 

On a fait, au moyen de quatre appareils de mesure travaillant dans des gammes de fréquences 
se succédant, des mesures d’absorption dans le large domaine de fréquences de 4: 10% 4 108 Hz. 
Dans le cas des fréquences les plus basses (4 4 50 kHz), on a déterminé l’absorption par mesure 
de la durée d’affaiblissement des oscillations propres individuelles d’un récipient sphérique 
rempli du liquide a étudier. Dans le cas des fréquences moyennes (50 4 1000 kHz), on a employé 
une méthode de réverbération. Au-dela de 1 MHz, on a mesuré l’amortissement d’ondes progres- 
sives par la méthode optique, au moyen de deux dispositifs différents (de 3 a 15 MHz et de 
20 a 100 MHz). 

Les mesures faites sur l’eau pure ont montré 4 nouveau |’indépendance, vis-a-vis de la fréquence, 
de la valeur bien connue «/v?= 25 - 10 s?/m (a 20°C), jusqu’a 100 kHz. 

Les résultats obtenus avec des solutions électrolytiques conduisent 4 un certain nombre de 
conclusions fondamentales en ce qui concerne la variation de l’absorption avec la fréquence, la 
concentration,.la température et le py de la solution, ainsi qu’avec les propriétés ioniques comme 
la valence et le rayon des ions. 

Les résultats mettent en évidence des processus de relaxation. On a cherché 4 les interpréter 
au moyen de quatre modéles: 1. excitation des degrés de liberté moléculaires, 2. hydratation 
des ions, 3. formation d’associations d’ions, et 4. hydrolyse. Le dernier modéle parait le plus 


probable. 


Zusammenfassung 

Mit Hilfe von vier MeBapparaturen, die in aufeinanderfolgenden Frequenzbereichen arbeiten, 
wurden Absorptionsmessungen in dem grofen Frequenzbereich 4 - 10*---108 Hz gemacht. Bei den 
tiefsten Frequenzen (4°50 kHz) wurde die Absorption aus der Abklingzeit von einzelnen Eigen- 
schwingungen eines mit der zu messenden Fliissigkeit gefiillten kugelf6rmigen GefaBes bestimmt. 
Im mittleren Frequenzbereich (50-:-1000 kHz) wurde eine Nachhallmethode angewendet. Oberhalb 
1 MHz wurde die Dampfung mit der optischen Methode an fortschreitenden Wellen gemessen, 
wobei zwei verschiedene Apparaturen benutzt wurden (3-15 MHz und 20---100 MHz). 

Die Messungen an reinem Wasser ergeben die Frequenzunabhingigkeit des bekannten Wertes 
x/v?=25- 10~ s?/m (20°C) bis hinab zu 100 kHz. 

Die MeBergebnisse an Elektrolytlésungen erlauben eine Anzahl von grundlegenden Schliissen 
in Bezug auf die Abhingigkeit der Absorption von der Frequenz, von Konzentration, Temperatur 
und py-Wert der Lésung sowie von Ioneneigenschaften wie Wertigkeit und Ionenradius. 

Die Ergebnisse deuten auf Relaxationsprozesse. Als Deutungsversuche werden vier Modelle 
diskutiert: 1, Anregung von molekularen Freiheitsgraden, 2. Ionenhydratation, 3. Bildung von 
Ionenassoziaten, und 4. Hydrolyse, wobei das letzte das wahrscheinlichste ist. 


1. Introduction forces in the liquid an energy loss which causes 
According to the “classical” theory of Srokes, an absorption coefficient’ « proportional to the 
sound waves in liquids suffer because of shear 1 For the definition of x see 3, a. 
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square of frequency v. The characteristic constant 
x/v? is given by the shear viscosity of the liquid. 
Only for a few liquids such as Hg the losses due 
to heat conduction play an important part, 
which, having the same frequency dependence, 
may be taken into account by an increase of the 
classical value. 

In nearly all liquids the sound absorption 
considerably exceeds the classical value, thus 
indicating that there exist other energy losses in 
the liquids due to dynamic compression which 
may formally be ascribed to a volume or pressure 
viscosity. Such sound energy losses may be 
caused by the retarded (irreversible) transition of 
energy between different degrees of freedom, or 
chemical or structural arrangements of the mole- 
cules, i.e. by molecular relaxation processes as 
the excitation of rotational or vibrational degrees 
of freedom of molecules (eg. in CS, [2]), chemical 
reactions (e.g. hydrolysis [3]), the change of 
molecules to interlattice positions in the quasi- 
crystalline structure of liquids [4], [5], the ag- 
gregation of molecules to double-molecules as in 
acetic acid [6] or to 8-molecule aggregates as in 
H,O [7], the reaction between ions (dissociation) 
[8], the hydration [7], [9], ete. 

When in a sound wave the thermodynamic 
equilibrium between two states of the molecules 
of a liquid (which determines the density) is dis- 
turbed by compression or alteration of temper- 
ature, it re-establishes itself with a finite time 
constant tT, and a phase difference between pres- 
sure and density results, which means an ad- 
ditional damping (relaxation absorption) of the 
sound wave, given by drei. = Aw?/(1+w?r?), 
where w=2zy. Characteristic for a relaxation 
process is the relaxation frequency »,—=1/2a2t 
far below which (m<1/t) the energy loss in- 
creases with vy and a;ei. is proportional to the 
square of frequency, whilst at frequencies far 
above ¥m(w> 1/t) the energy transition becomes 
very incomplete, so that x becomes constant. The 
total absorption of a liquid may be composed of 
a sum of relaxation processes 


where the second term involves the classical 
losses. With decreasing frequency the value «/y? 
has a flat steplike increase for every relaxation 
frequency passed. From the value of the relax- 
ation frequency and from its alteration with 
temperature, conclusions may be drawn on the 
nature of the energy transition as has been dis- 
cussed by KNEsER [1]. The measurement of sound 
absorption therefore has often been used for 


ACUSTICA 
Vol. 3 (1953) 


studying the properties of liquids. In the present 
work this method is applied to water and 
aqueous solutions of electrolytes. 


2. Measurements by other authors 


a) Absorption measurements in pure 
water 

An important part of the present experiments 
is concerned with measurements of sound ab- 
sorption in pure water, because of the interest in 
the properties of water, but also because it serves 
as a solvent for the electrolytes and as a standard 
for the measurement of sound absorption. 

In the frequency range from 5 to 300 Me/s a 
large number of fairly exact measurements of 
sound absorption in pure water has been made 
[11]-[21]. The results (collected by Serre [10]) 
give an absorption proportional to the square 
of frequency corresponding to a value «/y?= 
25 - 10-4 s?/m at 20°C, a value 3 times higher 
than the classical value. KNESER [1], Haut [4] 
and GieERER and Wirtz [5] ascribed this excess 
absorption to a structure relaxation. At lower 
frequencies, however, due to greater demands on 
measuring technique, it is only in the last few 
years that reliable results have been published. 
When the present work was started, the only 
reliable values known here at frequencies below 
1 Mc/s were determined at 14°C by SkuprzyK 
and MEYER [22], [23] using a two chamber 
reverberation method. If these values are reduced 
to 20°C with the aid of the temperature depend- 
ence, which has been determined since then at 
high frequencies by Fox and Rock [16], PINKER- 
TON [20] and Smita and Beyer [21] and cal- 
culated by Hau [4] there is only a small devi- 
ation from the standard value, which caused 
KNESER [1] to suggest a relaxation frequency 
between 0.1 and 1 Mc/s. Measurements at 1.4 
and 2 Mc/s by Ciarys, Errera and Sack [24] 
appeared to confirm this assumption. But new 
measurements by Mutpers [25] using the two 
chamber reverberation method from 0.75 to 
1.5 Me/s, by LEonarp [26] using a resonance 
method from 15 to 480 ke/s, by Moen [27] using 
a special reverberation method above 160 ke/s, 
in agreement with the present measurements, 
using the two chamber reverberation method, fit 
the assumption «/y?= 25 - 10~! s?/m, i.e. inde- 
pendent of frequency, also for frequencies down 
to 100 ke/s. This assumption is supported by 
measurements of LIEBERMANN [28] between 240 
and 940 ke/s, using progressive spherical waves. 
Measurements of one of the authors [29] in a lake 
at still lower frequencies 10, 20, 40 ke/s gave 
only a limiting value x/v?<70- 10~ s?/m. 
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b) Absorption measurements in aqueous 
solutions of electrolytes 

It is known from many measurements (summary 
by Serre [10]) that aqueous solutions of many 
salts have a noticeably higher absorption than 
pure water. Very often experiments have been 
made with solutions of the salts contained in sea 
water and similar salts at frequencies above 
1 Me/s. In particular MgSO, solutions often have 
been investigated because of their strikingly large 
absorption: by Bazuxtin [30] using the light dif- 
fraction method, by TEETER [31] using an elec- 
trical method, by Buss [32], by CLarys, ERRERA, 
Sack [24] using the radiation pressure method, 
and by Situ, BArReT, BEYER [33] using the 
last two methods. The value «/»? of these solu- 
tions was not found, as for water, practically 
independent of frequency, but rapidly increasing 
with decreasing frequency at frequencies below 
1 Me/s (Serre [10]). This led to the suggestion 
that chemical relaxation processes, as theoretic- 
ally treated by Ernstern [34] have their relax- 
ation maximum at frequencies below 1 Mc/s. In 
this connection in recent years investigations 
have been carried out at lower frequencies, where 
similar difficulties arise as in the case of pure 
water. From measurements of the absorption of 
sea water by LIEBERMANN [28] with progressive 
waves in the sea and by LEonarp [35], [36] with 
a resonance method, a relaxation curve with a 
relaxation frequency at 130 kc/s was obtained 
(LIEBERMANN [8]). LIEBERMANN [8] and LEONARD, 
Comps and SKipMoRE [35] recognised from 
LEONARD’s measurements [36], in agreement with 
the statements of the authors [37], that this 
excess absorption is not due to the NaCl but to 
the percentage of MgSO, present, the effect of 
which, however, is detrimentally influenced by 
the NaCl contents. LrEBERMANN [8] assumes the 
dissociation to be the cause of the relaxation in 
MgSO, solutions and suggests proportionality of 
the absorption with the square root of the con- 
centration. LEONARD and WILSON [36], [3] and 
the authors [37|-[41] have independently, in good 
agreement with each other, shown by measure- 
ments that «/y? depends nearly linear on con- 
centration, and have tried to explain this fact by 
assuming a relaxing transition between two 
energy states of the ion pairs. The experimental 
activation energy was determined from the temper- 
ature dependence by Witson [3] as 7.9 kcal/mole 
and by one of the authors [39] as 6.15 kcal/mole. 

The measurements presented here had the 
purpose to give a sufficiently large amount of 
experimental data of the electrolyte absorption 
in dependence on valency of the electrolyte, con- 
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centration, pu-value, and temperature in a very 
large frequency range by using several methods, 
because each of them is applicable only in a 
limited frequency range. 


3. Methods and apparatus for measuring 
the absorption 


a) Choice of the method 

Because the absorption and the conditions of 
propagation strongly depend on frequency, dif- 
ferent methods must be used within a range of 
some octaves each. At frequencies above 1 Mc/s 
the absorption is high and can be determined 
from the decrease of the energy density E’ in a 
progressive plane wave 


— 2nx 
p= 1 oe 


At lower frequencies this “‘progressive wave 
method” would require large transmitters and 
very large volumes of liquid, because of the 
directivity of the transmitter necessary and be- 
cause the absorption generally decreases with 
decreasing frequency (at 100 kc/s the amplitude 
of a plane wave in pure water is only reduced by 
10% over 1 km), and consequently can only be 
applied in lakes or in the sea but scarcely in labo- 
ratories. Below 1 Mc/s, therefore, it is more con- 
venient to determine the absorption from the 
decay with time of the energy E of a standing 
wave between the boundaries of the liquids 


[Ded OS 


The main difficulty of such “standing wave 
methods” is the elimination of the boundary 
losses which considerably influence the decay 
constant. The decay constant can be obtained 
either from the decay time of a single mode of 
oscillation of the system (liquid + vessel) or as a 
mean value from the reverberation time of the 
system when simultaneously excited to many 
statistically distributed normal modes of oscil- 
lation. Both methods were applied, inthe frequency 
range 50---1000 ke/s,—where the vessels can be 
made large compared with the wavelength—a 
two chamber reverberation method and in the 
range 4:-:50 ke/s the resonance method, using a 
spherical resonator. 


26¢ 
, where 6 = «ac. 


b) Resonance method? (spherical reso- 
nator method) 


«) Principle of the method 


A resonator filled with the liquid to be investi- 
gated (aqueous solutions of elctrolytes) is excited 
2 The equipment was built and theoretically considered 


by H. J. Naake [41]. A quite similar method was deve- 
loped by Leonarp [36] and Writson [3]. 
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as far as possible to one single normal mode of 
oscillation. After stopping the excitation its decay 
constant 6;, which is determined by the liquid 
and by the boundary losses, is measured. The 
influence of the wall (boundary losses) can be 
eliminated by subtracting the decay constant dw 
of the same normal mode of oscillation measured 
when the resonator is filled with a standard 
liquid of known absorption (pure water) and 
nearly equal velocity of sound propagation. The 
difference oe. of the absorption coefficients of the 
two liquids is given by 


Ow = (ds 


bw) |e. 


Xel. = Xs 


An absolute measurement of absorption coeff- 
cients without a standard is scarcely possible with 
this method. As resonator a spherical glass vessel 
was chosen, having some advantages over other 
shapes of vessels: 1., because of the stability of 
this form the walls can be made extremely thin 
and deformation losses and wall friction losses 
become small; 2., for certain vibration patterns 
(purely radial vibrations) the wall friction losses 
are excluded; 3., an estimation of the boundary 
losses can be made by discussing the deviations 
of the sound field from that in an ideal spherical 
resonator. 


Bb) Experimental equipment 


For keeping the boundary losses as small as 
possible the measuring vessel, a hollow glass 
sphere, 34 cm in diameter and with 1---3 mm 
wall thickness, is suspended by thin steel wires 
in a container which can be evacuated. The vessel 
is excited electrostatically with the aid of a wide 
annular electrode and the oscillation is detected 
by an ADP crystal cemented to the wall, its out- 
put after amplification being recorded by a 
Neumann recorder to a logarithmic scale (Fig. 1). 
For selecting with certainty the same definite 
mode of oscillation for different liquids with 
somewhat shifted resonant frequencies, a very 
slow registration of the frequency response within 


Vacuum pump —_ Hg-Manometer 


uC. 
Voltage 


Resonance Level 
amplifier recorder 


electrode 


Supporting wires 


Fig. 1. Block diagram of the apparatus for measuring sound 
absorption, using single normal modes of oscillation 
of the liquid in a spherical vessel (frequency range 
4-50 ke/s). 


ACUSTICA 
Vol. 3 (1953) 


a small range is made, from which the very sharp 
resonances (having half-widths of 0.3---0.7 ¢/s) 
may be recognised from their beats with the 
exciting frequency. 


c) Reverberation method 


x) Principle of the method 


The method used for the present work has 
been developed by MEYER and Skuprzyk [23], 
[22] following the principle of the two chamber 
reverberation method of KNupsEN [42] and 
improved by the authors [37] and by MuLDERS 
[25]. A vessel of low degree of symmetry filled 
with the liquid to be investigated is excited by a 
frequency band to a large number of normal 
modes of oscillation so that a diffuse sound field 
occurs. If the normal modes are nearly uniformly 
influenced by the boundary losses, an approxi- 
mately exponential decay of the sound energy 
results, the decay constant of which is partly due 
to the medium and partly due to the effect of the 
walls: d=ac+A/R+ B/h where A=const, 
B= B(R). The second part can be eliminated 
either by altering the depth h of the water and 
the dimensions (radius R and height H=2R) 
of the vessel and by extrapolating to an infini- 
tely large vessel,—this method is employed in 
the case of pure water—or by comparing the 
decay constant with that found for a standard 
liquid. In the case of aqueous solutions of electro- 
lytes, pure water («/v?=25-10~) s?/m) is em- 
ployed for comparison. This can be done under the 
supposition that the boundary losses are unaltered 
when the liquid is replaced by the standard liquid, 
i.e. that the increase of friction at the wall, due to 
the higher viscosity of the electrolyte solution, is of 
vanishing influence compared with the increase 
of losses in the liquid. This supposition is ful- 
filled in all cases of solutions with measurable 
absorption. 


6) Measuring apparatus* 


The reverberation vessel, a seamless cylindrical 
100 litres vessel (54 em in diameter and in height) 
made of pure anodised and varnished aluminium 
(3.5 mm thick) is suspended somewhat inclined 
from 3 points on its upper rim by means of steel 
wires, on each of which three steel spheres are 
pressed, avoiding a transmission of sound energy, 
as suggested by MEYER and SkuprRzyYK [23]. The 
two larger vessels (75 and 105 cm in diameter), 
used for the two chamber method, are welded for 
technical reasons. For measuring liquids of high 
chemical activity a 90 litres glass vessel is used. 


* The apparatus was built by Dr. H. Haas. 
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The vessels are excited by means of an ADP- or 


a Rochelle salt-crystal (10 <x 10x 4 mm‘) ce-. 


mented to the wall of the vessel using a little 
vaseline (Fig. 2). The frequency band for excit- 
ation (20 ke/s bandwidth) is generated by pulsing 
a variable carrier frequency which is restricted 
to 5 definite values, i.e. 50, 100, 200, 500, 
1000 ke/s. The repetition rate of the pulses can 


Trigger 
+ sweep 


Fig. 2. Block diagram of the apparatus for measuring sound 
absorption, using the reverberation in a cylindrical 
vessel filled with the liquid (frequency range 
50-+-1000 ke/s). 


be altered between 5 and 50 p/s, to match it to 
the initial slope (50dB/s for pure water at 100 ke/s) 
of the reverberation curves. The electric output 
of a piezoelectric receiver, pressed to the wall, is 
a measure of the sound energy in the vessel and is, 
after amplification, frequency conversion, and 
filtering, recorded by a Neumann type high 
speed level recorder or (for high decay rates) by 
a logarithmic amplifier combined with an oscillo- 
scope. 


d) Optical method; apparatus used in 
the frequency range 3:--15 Mc/s 


In this frequency range, the attenuations to be 
measured are larger than 3 dB/m, so that meas- 
urements can be carried through with progres- 
sive waves. For indication the optical method [43] 
was chosen because of the independence of trans- 
mitting and receiving set from each other. A 
sound beam, radiated by a quartz crystal, is sent 
into the measuring vessel (1 m in length) the side 
walls of which are made of glass. To avoid stand- 
ing waves, the sound is absorbed by rubber 
wedges at the end of the vessel. The optical 
arrangement can be seen from Fig. 3. The sound 
beam is crossed perpendicularly by a parallel 
beam of light, which, by moving the mirrors, can 
be shifted along it. The first order of the resulting 
diffraction pattern is given to a photoelectric cell, 
followed by a multiplier, and the electric output 
recorded by a logarithmic level recorder. The 
sound is modulated and the multiplier tuned to 
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the modulation frequency by an LC-circuit. Thus 
scattered light does not disturb the measurements. 
The attenuation of the solution to be measured 
results from the slope of the straight line drawn 
by the level recorder when the mirrors are moved 
along the sound beam. The measuring accuracy 
amounts to about 5%. 


Absorber 


a 
| 


400c/s 
res, ampl. 


recorder 


Fig. 3. Block diagram of the apparatus for measuring sound 
absorption in progressive waves, using the optical 
method (frequency range 3---15 Mc/s). 


e) Optical method; apparatus used in 
the frequency range 20---100 Mc/s 


The principle of the method used in this fre- 
quency range is the same as in the range 
3-15 Mc/s, with the only difference that in this 
case the vessel is moved instead of the light 
beam [40]. The quartz crystal (9.2 Mc/s) is fixed 
in the bottom of the measuring vessel and radi- 
ates perpendicular to the surface (Fig. 4). The 
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Fig. 4. Block diagram of the apparatus for measuring sound 
absorption in progressive waves, using the optical 
method (frequency range 20---100 Mc/s). 
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maximum measuring distance amounts to 50 mm. 
It is difficult in this frequency range to generate 
a diffraction pattern, if the direction of the in- 
coming light is exactly parallel to the wavefront 
of the sound, but a relatively bright first dif- 
fraction order is observed on one side of the zero 
order if the angle of incidence is only slightly 
altered. An attempt to use this unsymmetrical 
diffraction pattern for the measurements yielded 
an exactly exponential decay with distance in a 
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ratio 300:1. As moreover absorption measure- 
ments with pure water proved to agree with the 
expected values within 5%, all measurements 
were made in this way. To avoid a splitting of the 
sound beam which occurs due to temperature 
gradients in the stationary liquid, the solution 
was stirred during the measurements. 


4. Preparation of the solutions 


For measurements with pure water as well as 
for the aqueous solutions commercially obtained 
distilled water was employed. It is manufactured 
by the usual process, i.e. by distillation in an iron 
boiler followed by condensation in a copper cool- 
ing spiral. The degree of purity thus obtained 
seemed to be sufficient for the measurements. 

The purity of the applied chemicals was an 
economic question. As for the reverberation 
measurements large quantities (100 litres) of the 
solution are necessary, no p.a.-substances (pro 
analysi) were employed, but the degree of purity 
“reinst”’ from Merck and “chemisch rein” from 
RIEDEL DE HAeEn. In the case of the optical 
measurements p.a.-chemicals have been used 
exclusively. In order to be independent of the 
water contents of the salts, concentrated salt 
solutions were prepared, the concentration of 
which was determined by exact density measure- 
ments using an areometer. These highly con- 
centrated solutions were diluted quantitatively 
with pure degassed water to the required con- 
centration. 

For eliminating dust particles from the air and 
suspended particles, which were present in the 
distilled water and which, in addition, were 
brought into the solutions by the salts, the 
solutions as well as the pure water were filtered 
before the measurements. 

From the measurements it became clear that 
dissolved air scarcely influences the damping in 
water, but that air-bubbles or air-films, the ap- 
pearance of which is caused by temperature or 
pressure variations, very much disturb particu- 
larly the measurements with the resonance and 
reverberation methods. The water therefore was 
degassed before use with the aid of a water jet 
pump. While water which has been standing in 
the open air contains about 3 cm? air per litre, 
the air contents after the degassing were in most 
cases less than 1 cm? /litre. 

As for the measurements of the temperature 
dependence no thermostat of the required size 
(about 1 m*) was available, the measuring liquid 
was heated by an immersion heater and the tem- 
perature dependence taken during the slow 
cooling. 


Decay constant xheight 6h [m-cBs] 
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5. Results of measurements 


a) Results of absorption measurements 
in pure water 


To determine the absolute value of the ab- 
sorption of pure water, a series of measurements 
was carried out with the reverberation method 
for decreasing water level in three measuring 
vessels. After every 2:5 mm fall of the water 
level, the reverberation curve was recorded at 
three measuring frequencies 50, 100 and 200 ke/s. 
From the slope of the plot of the product “decay 
constant x height” vs. height (for the 105 cm 
vessel given in Fig. 5a) the decay constant in an 
infinitely long cylinder (6+ = 9.2, 14.2 and 29 dB/s) 


can be taken. The extrapolation to an infinitely 
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Fig. 5. Measurements of the absorption of pure water. 


(a) Decay constant x height (6 - h) against height of 
water (h) at 200 kc/s in a cylindrical aluminium 
vessel (105 em @) with pure water. The slopes 
of the straight lines yield the decay constants for 
infinite height (6+). 

(b) Decay constant (d+) of pure water (extrapolated 
to infinite height of water) against the reciprocal 
of the radii of the vessels (1/R) for three differ- 
ent frequencies. 


wide cylinder (free medium) is made by plotting 
these values against the reciprocal of the radius 
(1/R) which must give straight lines intercepting 
the ordinate axis (1/R=0) at «xc. In Fig. 5b the 
straight lines are drawn corresponding to the 
value «/y?=25-10~-! s?/m, as often determined 
for higher frequencies. Taking into account a 
smaller importance of the values in the 75 em 
vessel, their deviation probably being due to a 
welded seam somewhat worse, the scatter of the 
measuring points gives an uncertainty in the 
determination of 2/y? (marked in Fig. 6) which 
increases rapidly with decreasing frequency. 
The results agree within the limits of measuring 
accuracy with earlier measurements of MEYER 
and SkupRzyYK [23] (at 14°C), if these are cor- 
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rected with respect to temperature. The new 


results do not, however, allow a decision to be . 


made as to the presence of a 20% increase in 
2a0/v as was expected by KNeseErR [1] below 
1 Me/s (due to the heat of vibration). A summary 
of all recently published values for 2. /y? of pure 
water (see Fig. 6) gives a good picture of the 
possible measuring accuracy and shows that the 
assumption of a value for 2x/»? independent of 
frequency over the whole frequency range seems 
to be justified. 
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Fig. 6. (2«/v?) of pure water against frequency (summary 
of all recently published values). 
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The measurements could not all be carried out 
at the same temperature, i.e. at 20°C, because it 
was difficult to maintain the measuring rooms at 
this temperature throughout the duration of the 
experiments. The results for the decay constants 
(including the influence of the cylindrical wall) 
are therefore reduced to 20°C with the aid of the 
known temperature dependence of the shear 
viscosity of water (see e.g. Haxu [4]). This is 
possible because on the one hand the wall friction 
provides the main part of the decay constant 0* 
and on the other hand the pressure viscosity 
(volume viscosity) has essentially the same tem- 
perature curve as the shear viscosity according 
to known measurements [16], [20], [21] and also 
according to the theory of Hauu [4]. 


b) Measurements with aqueous solutions 
of electrolytes 


a) The absorbtion cross-section of a molecule 


By employing pure water for comparison, one 
obtains directly from a difference measurement 
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the absorption increase due to the presence of an 
electrolyte. This increase (the “electrolyte ab- 
sorption”’) is not necessarily due only to sound- 
absorbing processes in which the constituents of 
the electrolyte themselves are taking part. It can 
also be caused by an alteration of the absorption 
of the solvent (i.e. of the water). For pure water 
it is known that very probably a structure re- 
laxation is present on the exact nature of which 
different views are held. EucKEN [7] suggests an 
alternate formation and dissociation of 8-mole- 
cule-aggregates. Through its hydration the dis- 
solved electrolyte alters the structure equilibrium 
of the water and thereby changes its absorption. 
It is to be expected, however, that a considerable 
decrease in the absorption of the water occurs 
only for large concentrations of the electrolyte. 
By the above described “solvent effect’’ the ab- 
sorption of the electrolyte molecules would, ac- 
cording to this conception, be partly compensated. 
The negative “solvent effect”? cannot be greater 
than the water absorption itself and therefore is 
of no importance in the case of large electrolyte 
absorption. If the electrolyte absorption is, 
however, small compared with that of the water, 
as is sometimes the case at frequencies above 
3 Mc/s, the electrolyte effect can be noticeably 
compensated by the “solvent effect”. This is to 
be taken into account in considering the results, 
particularly when the measured absorption is 
referred to the number of electrolyte molecules 
per unit volume nL (where n is the concentration 
in moles per unit volume and L is the number of 
molecules per mole). The absorption effect of a 
single electrolyte molecule is then obtained in the 
form of an absorption cross-section Q 


O= 2a /(nL), 
20 [cm] 


Q [m?] = 1.66 - 10-5 x n [moles/1] 


if the usual units are employed. The absorption 
cross-section can be visualized as that cross- 
section area normal to the progression direction 
of a plane wave through which the energy which 
is absorbed by a single electrolyte molecule passes. 
The absorption cross-section is, however, a mean 
value over all molecules added to the solution, so 
that a part of the molecules can be in a state in 
which they are not directly taking part in the 
absorption. This part can alter with concen- 
tration and temperature. It follows that thus the 
absorption cross-section can alter with concen- 
tration. 

For the recognition of relaxation processes 
(having a time constant 7) it is particularly useful 
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to plot the absorption coefficient divided by the 
frequency v (or multiplied by the wavelength / 
resp.), because the relaxation curve is easy to 
recognise in this form. The normal notation 


oe Aw 
ei TEL yee 
gives 
signed C* Vm 
Vm/[ V+ Y/Y 


where c is the velocity of sound and ym=1/2at. 
In a double logarithmic representation the depend- 
ence of ~A on the frequency results in a curve, 
being symmetrical with respect to the relaxation 
frequency vm and having a linear increase 
(~v/m) and a linear decrease (~?m/v); this 
type of representation can also be applied to the 
absorption cross-section. The value 
= 2a 
nL 


is employed for the plotting of the experimental 
results; it can be visualized as follows: QA cor- 
responds to the volume in a plane progressive 
sound wave which contains that amount of 
energy which is absorbed by a single molecule in 
one period. 


6) Error limits : relative accuracy 


The absorption increase due to the electrolytes 
(electrolyte absorption) is determined by a dif- 
ference measurement. The relative accuracy of 
the x-values therefore decreases with decreasing 
electrolyte absorption. As this, in general, in- 
creases with increasing concentration, the relative 
accuracy of a Q/-value is not only dependent on 
its absolute value, but also upon the concen- 
tration at which it was determined. This is to be 
taken account of in the evaluation of the Q- and 
QA-values. 

In disagreement with former assumptions, most 
measurements showed a linear increase of the 
absorption with concentration, so that the ab- 
sorption cross-section (Fig. 8) is independent of 
concentration up to about 0.1 moles /litre. There- 
fore, if QA is plotted against frequency, the re- 
sulting curves coincide. To increase the measuring 
accuracy, mean values have been taken in the 
case of most of the measuring points, given in the 
following chapter, over measurements at up to 
10 different concentrations. Other than linear 
dependence of the absorption cross-section on con- 
centration was observed only for a few salts and 
for sulphuric acid, for which the concentrations 
of the measured solutions are given in the figures. 
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y) Measuring results for aqueous solutions of 
electrolytes 


In consideration of the great amount of time 
and material spent on an absorption measurement, 
it is hardly possible to carry out measurements 
for all interesting parameters with all the electro- 
lytes which come into question. Thus measure- 
ments were confined to inorganic salts and series 
of measurements on the influence of definite 
quantities were partly carried out only in a few 
cases. Such series of measurements dealt with: 
(i) the influence of the valency of the constituents 
of an electrolyte, (ii) the dependence upon con- 
centration, (iii) the frequency response, (iv) the 
influence of the addition of other electrolytes to 
the solution of a single electrolyte, (v) the in- 
fluence of the pu-value of the solution, (vi) the 
dependence of the absorption upon temperature. 


(i) The influence of the valency of the consti- 
tuents of an electrolyte on the absorption. 

1-1-valent electrolytes (e.g. NaCl, NaBr, KBr, 
KJ) in general cause no measurable electrolyte 
absorption, i.e. solutions of these electrolytes 
have no higher absorption than pure water. (The 
measuring accuracy amounts to about the order 
of magnitude of the absorption of water at low 
frequencies and about 5% of the absorption of 
water at high frequencies (> 10 Me/s).) At high 
frequencies “negative” electrolyte absorption 
could be observed with certainty. It is due to a 
structure-changing influence of the solute on the 
water. As an example, the concentration de- 
pendence of the absorption of an NaBr solution 
at two different frequencies is given in Fig. 7. 
In this case the absorption of the water is dimi- 
nished to finally 70% of its original value. Similar 
properties are shown by NaJ. 

2-1- and 3-1-valent electrolytes as well as 1-2- 
valent ones do not react considerably differently at 
the lower frequencies. They only show measurable 
absorption at frequencies above 10 Me/s as is 


shown in Fig. 9 and 10. 
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Fig. 7. Absorption coefficient (2) of an NaBr-solution vs. 
concentration at 64 and 83 Mc/s. The dotted lines 
give the absorption coefficient for pure water. 
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Fig. 8. Dependence of the absorption cross-section (Q) of 
MgsO,, MnSO,, ZnSO, and CuSO, on concentration. 
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2-2-valent electrolytes on the other hand gener- 
ally have a considerable electrolyte absorption 
in the whole frequency range in question. No 
exceptions have been found. The salts under 
experiment were mainly sulphates, such as 
BeSO,, NiSO,, MgSO,, CoSO,, MnSO,, ZnSO,, 
CuSO,. It is difficult to find apart from sulphuric 
acid other inorganic bivalent acids whose salts 
with bivalent metals or radicals not only dissolve 
in water, but can also be obtained with a sufficient 
degree of purity in the necessary quantities. 
Thiosulphates, chromates, molybdates and wolf- 
ramates come into question. MgS,0,, MgCrO, 
and CaCrO, have been investigated, having a 
considerable absorption, too. 
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Fig. 9. Frequency response of the absorption cross-section x wavelength (Q/) at 20°C for some of the electrolytes in- 
vestigated. (Where no concentrations are given, independence of the absorption cross-section of concentration 
has been observed and the given values are mean values over measurements at different concentrations.) 
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As a 3-2-valent electrolyte, Al,(SO,), has been 
investigated. This salt has the largest maximum 
value of Q-/ of all salts which have been under 
experiment. 


(ii) The dependence of the absorption upon 
concentration. 

For nearly all 2-2-valent electrolytes investi- 
gated, the results of the measurements agree with 
a linear dependence of the electrolyte absorption 
on concentration within the limits of measuring 


accuracy from concentrations of about 0.001 to . 


0.1 mole /litre. The absorption cross-section there- 
fore is independent of the concentration in this 
range. Some examples are given in Fig. 8. At 
higher concentrations, the absorption cross- 
section steadily decreases with increasing con- 
centration. Exceptions only occur with salts like 
Na,PO,, where the percentage of the different 
ions Na+, Na,PO,, NaPO,~ and PO; ~~ present 
in the solution is assumed to vary with con- 
centration. 


(iii) The frequency response of the absorption 
of electrolyte solutions. 

All electrolytic solutions which showed a meas- 
urable absorption in any frequency range have 
been investigated with respect to the frequency 
response of this absorption. The results are given 
in Fig. 9a---o in which the absorption cross- 
section is plotted against frequency in a double 
logarithmic scale. All frequency response curves 
show the typical shape of relaxation curves, or 
consist of an addition of several relaxation curves. 
To give a better survey and to simplify compari- 
son all curves without the measuring points are 
given together in Fig. 10a. The same results are 
given in Fig. 10b once more, but here, instead of 
QA, x/v? is plotted against frequency. This kind 
of representation, which shows the above men- 
tioned steps at the relaxation frequencies, gives 
a better impression of the real amount of the 
absorption of 0.1 mole/litre solutions compared 
with the absorption of pure water. 


(iv) The influence of the addition of other 
electrolytes to the solution of a single electrolyte. 

The investigation of synthetic sea-water 
(0.454 moles/litre Na+, 0.010 K*, 0.052 Mg**, 
0.010Ca** and 0.530CI-, 0.001 Br~, 0.0275 SO; ~, 
0.0025 CO,~) yielded an absorption, which is 
equal to that of a pure MgSO, solution of 
0.014 moles/litre. This “equivalent” concentra- 
tion is smaller than that of the Mg** or SO, ~ 
ions. The result is in good agreement with mea- 
surements of other authors as can be seen from 


Fig. 11. 
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For further investigation of the influence of 
one electrolyte on the other, increasing amounts 
of NaCl have been added to MgSO, solutions of 
different concentrations. The result can be given 
in an empirical mixing rule which gives the 
reduction in the efficiency of the MgSO, con- 
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Fig. 10a. Summary of all measured frequency response 
curves (without measuring points) (* concen- 
tration 1 mole/litre). 


Fig. 10b. «/v? for 0.1 mole/litre solutions of some electrolyte 
solutions plotted against frequency (calculated 
from Fig. 10a). 
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Fig. 11. 2x/»? of sea-water as a function of frequency 
(summary of published values). 
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centration. By assuming a linear relationship 
between concentration and absorption («,) of 
MgSO,, the decrease in absorption to the value («) 
can be considered as an apparent reduction of the 
MgSO, concentration to an effective concen- 
tration [MgSO,].s. The empirical mixing rule 
(which will be explained later) is then 


x _ [MgSO,]err _ [MgSO,] 


x» [MgS0,] — [MgS0,] +f-[Nacy]’ /~"/> 
which may also be written in the form 
A Wo 5X [NaCl] | 
enon. -[MgSO,| f, 


in which it can be easily checked by the experi- 
mental results. In Fig. 12 three series of measure- 
ments with different concentrations of MgSO, 
are plotted to a double logarithmic scale, yielding 
a straight line with a slope of 45° (thus proving 
the linearity of the mixing rule) and a factor 
f= 9.21. Further on, Fig. 12 shows the results of 
similar measurements with MnSO, and NaCl, in 
this case yielding a factor f= 0.08. 
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10 F MgS0u5° 010 4 4 Jena 
4017 4 ’ 
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LNaC1I/E MgSO; 1.£MnS0z] 


Fig. 12. Relative decrease of absorption 4a/x (referred to 
the absorption of the mixture) of aqueous solutions 
of MgSO, and MnSO, when adding NaCl, plotted 
against the ratio of the concentrations. 


To study the influence of Na* and Cl~ ions on 
MgSO, solutions separately, Na,SO, or MgCl, 
have been added to a 0.01 mole/litre MgSO, 
solution. The result can be seen from Fig. 13. 
The absorption caused by the relaxation process, 
the relaxation frequency of which is 130 ke/s, is 
nearly doubled by addition of 0.01 mole/litre 
Na, SO, as well as by addition of 0.01 mole/litre 
MgCl,. Further addition of Na,SO, or MgCl, 
respectively only slightly enlarges the absorption 
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until a limiting value is reached which is about 
twice the original value. If the same measure- 
ments are made with a concentration of 0.04 
mole/litre MgSO,, the increase of absorption in 
both cases only amounts to about 20% of the 
MgSO, -absorption. 
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for e—e 0.01 moles/litre Mg S04 


t— OAreferred to Mg ** 
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Fig. 13. Frequency response of the absorption cross-section 
x wavelength (QA) of mixtures MgSO,+Na,SO, 
and MgSO,+ Mg(l,. 


At frequencies above 3 Mc/s a mere addition 
of the absorptions of the components is observed. 
Mg(Cl,, which causes no measurable absorption in 
this frequency range, causes no change in the 
MgSO,-absorption, and the absorption of Na,SO,, 
also given in Fig. 13, adds to that of MgSQ,. 
Further, mixtures of two bivalent sulphates have 
been investigated by measuring 0.01 MgSO, + 
0.01 MnSO, the relaxation frequencies of which 
are close together, and 0.025 BeSO,+ 0.025 
MnSO, with relaxation frequencies far apart from 
each other. In both these cases an addition of 
the absorption was observed in the whole fre- 
quency range. 


(v) Dependence of the absorption on the 
hydrogen-ion concentration of the solutions. 

The influence of the pu-value of the solutions 
has been investigated by adding alkali (NaOH) 
or acid (H,SO,, HCl) to solutions of MgSO, and 
MgCl,. The results can be seen from Fig. 14. In 
general the absorption decreases with increasing 
concentration of the hydrogen-ions, while the 
relaxation frequency seems to be slightly shifted 
to higher frequencies (Fig. 15). Remarkable is the 
fact that MgCl,, which shows no electrolyte ab- 
sorption in neutral solution, shows an absorption 
comparable to that of MgSO, in the vicinity of 
the lower maximum, if NaOH is added. Unfor- 
tunately these measurements can only be made 
with very low concentrations, to prevent Mg(OH), 
from falling out. Thus the measuring accuracy 
is too low to decide whether the relaxation fre- 
quency of this absorption process is the same as 
in the case of MgSO, or not. 
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Fig. 14. Absorption cross-section x wavelength (QA) of 
MgSO, and MgCl, solutions in dependence on the 
hydrogen ion concentration. 
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Fig. 15. Frequency response of the absorption cross-section 
x wavelength (QA) of mixtures MgSO,+ HCl. 


(vi) The dependence of the absorption upon 
temperature. 

The temperature dependence of the absorption 
has been investigated exactly at a 0.05 mole/litre 
MgSO, -solution (Fig. 16a). With increasing tem- 
perature the relaxation curves are shifted to 
higher frequencies, the amount of maximum ab- 
sorption remaining nearly unchanged. The ex- 
perimental activation energy of the relaxation 
process obtained from the shift of the relaxation 
frequency amounts to about 6.5 kcal/mole for 
MgSO,. This value has been calculated from the 
slope of the curve log (7m/T) vs. 1/T (Fig. 16b) 
because of the linear relationship between these 
two quantities (see 6, b). Similar measurements 
have been made for NiSO, and CoSO,. The 
resulting experimental activation energies are: 
8.6 keal/mole for NiSO, and about 6 kcal/mole 
for CoSO,. For temperatures above 60°C diffi- 
culties arise in the measurements so that the 
corresponding points are somewhat less accurate. 
WILson [3] gives a somewhat higher experimental 
activation energy for MgSO,, but only two of his 
seven measuring points (35 and 42°C) do not 
coincide with our measurements. 
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Fig. 16. Temperature dependence of the relaxation fre- 
quency. 
(a) Relaxation curves (QA vs. frequency) of MgSO, 
and their relaxation frequencies vm for different 
temperatures. 


(b) ym/T vs. 1/T for CoSO,, MgSO, and NiSO,. The 
slopes of the straight lines yield the experi- 
mental activation energies (x measured by 


Witson [3}). 

The steady increase of the curves (above 
10 Me/s) is also shifted to higher frequencies with 
increasing temperature, but since the maximum 
is above the measuring frequency range, no 
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activation energy can be determined from the 
temperature dependence. 

The fact that the curves are shifted with tem- 
perature without a change in the maximum of the 
value QA allows conclusions with respect to the 
shape of the frequency response curves below the 
lowest measuring frequency. A measurement for 
NiSO,, with 10 ke/s at 50°C e.g. corresponds to 
2 ke/s at 20°C. For other substances this relation 
is slightly changed because of their different 
activation energies. With this method (Fig. 9a), 
the relaxation frequency of BeSO, could be esti- 
mated to be lower than | ke/s at 20°C. In the 
case of NiSO,, the relaxation frequency of which 
is 10 ke/s, the decrease of the relaxation curve to 
lower frequencies could be measured at 50°C 


(Fig. 9b). 
6) Summary of the results 

1. Concentration independency of the absorp- 
tion cross-section. 

2. Dependence of the absorption cross-section 
on the valency of both ions. 

3. Steady increase of QA towards high fre- 
quencies. 

4, Additional relaxation maximum at 2-2-va- 
lent salts 

a) Concentration independency of the relax- 
ation frequency. 

b) Dependency of the relaxation frequency on 
the cation: 


BeSO, Bo tOe"he/s CoSO, §4710° c/s 
NiSO, 104 c/s MnSO, 3° 10° c/s 
MgSO, 1.3-10° c/s 7250, >10° c/s 
MgS,0, 1.8-105 c/s eaoo, 9 10° *e/s 
MgCrO, 1.8-10° c/s 


c) Temperature shift of the relaxation fre- 
quencies to higher frequencies with increasing 
temperature. 

5. Influence of the addition of other electro- 
lytes: 


C= ae Relaxation Steady 
maximum increase 
age Bin.) decrease decrease 
MgsSO,+ MgCl, limited increase addition 
MgsSO,+ Na,SO, limited increase addition 
nea ient sulphate addition addition 


+ 2-val. sulphate 


6. Decrease of the absorption with increasing 
hydrogen-ion concentration. 


6. Discussion of the results 


In every case the measured frequency response 
of the absorption agrees with that of a relaxation 
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process or a superposition of several relaxation 
processes, the corresponding relaxation frequen- 
cies of which, however, often must be assumed 
higher than 100 Mc/s, and could not be deter- 
mined therefore. 


a) Thermal relaxations 


As the origin of this relaxation absorption we 
may first think of thermal relaxations by the 
excitation of molecular degrees of freedom. Such 
relaxations can be expected only in the case of 
ions consisting of more than one atom, as there 
arensOn 7; 5,0, ~, CO; «,.NO;; NH; ete: This 
kind of process cannot be responsible for the 
additional relaxation maximum of the 2-2-valent 
electrolytes, which only occurs if both ions are 
present. The steady increase of the absorption 
towards high frequencies, however, might pos- 
sibly be caused by such processes, since e.g. the 
SO,” ion shows its brightest Raman-line at a 
wave number 4n= 980 cm—!, corresponding to 
an energy of about 2.8 kcal/mole. From this 
energy value a relaxation frequency somewhat 
higher than 100 Mc/s can be expected. This ex- 
planation agrees with the constancy of the ab- 
sorption cross-section, since the probability for 
the excitation of molecular degrees of freedom 
does not depend on concentration. It is in con- 
tradiction to the decrease of the absorption 
cross-section with concentration observed in the 
case of H,SO, (Fig. 90), which, however, can be 
explained by the formation of HSO;z ions, whose 
Raman lines are somewhat shifted. The decrease 
in absorption with increasing concentration 
agrees with the decrease of the percentage of 
SO; ions, calculated from the comparatively 
low dissociation constant K= 10~? of the second 
step of the dissociation of H,SO,. The decrease 
of the absorption of bivalent sulphates when 
NaCl is added might be explained analogously. 
The other anions mentioned above show similar 
Raman lines, but no correspondence can be ob- 
served between the intensity of the lines and the 
amount of the absorption. The NO,-ion for 
instance has the brightest Raman-lines but the 
smallest absorption cross-section. 


b) Structural relaxations 


Another possibility to explain the absorption 
is the assumption of structural relaxations. Two 
kinds of structural relaxations, the hydration 
and the ion association may be discussed here. 

The hydration of the ions, i.e. the formation 
of hydrate shells around the ions in the solution, 
caused by electrostatic forces, occurs as a first 
order reaction and therefore does not depend on 
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concentration as long as a sufficient number of 
H,O molecules is available. The activation energy 
A FY of the water molecules in the hydrate shells 
determines a corresponding relaxation frequency 
Ym=1/2at for each sort of ions, given by the 
wellknown formula 


Sn (ARR 
Ip=kythy= "5 e ( Men ST a ny 
flied 
hy 


where k, and k, are the reaction rates in both 
directions (k,>k,), k BoLtrzMANn’s constant, T 
the absolute temperature, h PLANCK’s constant, 
R the gas constant per mole, and 4 F= A Fy — 
AF. Thus the relaxation frequency should 
decrease with increasing valency and with de- 
creasing diameter of the ions, in agreement with 
the observations at the additional relaxation 
maximum of the bivalent sulphates. The fact, 
that MgSO,, MgCrO, and MgS,O, show nearly 
the same relaxation maximum, seems to confirm 
this assumption; the fact, however, that MgCl, 
shows no absorption, and the increase of ab- 
sorption, observed, when Na,SOQ, is added to an 
MgSO,-solution, contradicts it. 

The influence of both ion partners to the ab- 
sorption in a solution of a single electrolyte and 
that of univalent ions in mixtures with 2-2-valent 
electrolytes leads to the assumption of an 
interaction between the ions. There are 
several different possibilities of ionic interaction, 
which should be connected with a relaxation pro- 
cess: The dissociation (as MgSO,2Mg*++ 
SO, ) which was first assumed by LIEBERMANN 
[8] to be the origin of the relaxation absorption 
of MgSO, solutions, is a reaction of higher order 
than first, which normally yield no concentration 
independence of absorption cross-section and rel- 
axation frequency at the same time. At sufficiently 
low concentration (high dissociation) the relax- 
ation frequency should be independent of con- 
centration while the absorption cross-section 
should be proportional to the percentage. of the 
undissociated molecules, or more accurately pro- 
portional to the product concentration square 
of the activity coefficient. In the case of high con- 
centration (low dissociation) both quantities 
should depend on concentration. In the case of bi- 
valent sulphates, however, (especially for MgSO,)a 
nearly constant degree of dissociation can be 
derived from the concentration dependence of the 
activity coefficient in a certain range (0.01---0.1 
mole/litre). This really yields a concentration in- 
dependence of absorption cross-section and relax- 
ation frequency (see 6c). 
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Certain effects in physical chemistry lead to 
the assumption of ion association, i.e. the 
association of anion and cation, each of them sur- 
rounded by its hydrate shell, to an ion pair (ion 
dipole). The equilibrium: ion pair = anion + cation 
obeys the law of mass action if the activity co- 
efficients are taken into account. The assumption 
that this second order reaction should be respon- 
sible for the electrolyte-absorption would there- 
fore yield similar concentration dependences of 
absorption and relaxation frequency as the dis- 
sociation of molecules. The experimental results, 
however, require a reaction of the first order for 
their explanation, as would be given by the transi- 
tion between two states of association of the ion 
pairs, differing by their energy levels. The differ- 
ent energy levels may result from a different 
arrangement of the hydrate water molecules bet- 
ween the two ions of an ionic dipole. Ion as- 
sociates of this kind were assumed by BJERRUM 
[45], but he obtained from his theory only a low 
degree of association which therefore depends on 
concentration. An extremely high degree of as- 
sociation, as must be assumed here, could be 
made plausible from the anomalies with respect 
to the DEByE-HicxeEt theory observed with the 
conductivity of solutions of 2-2-valent electro- 
lytes. If the degree of association is estimated 
from the difference in conductivity against infini- 
tely diluted solutions, it varies from 30 to 70% 
within the concentration range 0.001---0.1 mole/ 
litre. The number of ion dipoles may be even 
more independent of concentration, since at high 
concentrations a part of the ions may be asso- 
ciated to quadrupoles or to still larger associates 
with relaxation effects which considerably differ 
from those of the dipoles. 

Due to the smaller charge of the latter asso- 
ciates of bivalent with univalent ions should be less 
numerous, while associates of two univalent ions 
practically should not occur at all. This is in 
agreement with the measured valency depend- 
ence of the absorption cross-section [see 5, b, 6, 
(2)]. 

With these assumptions the influence of the 
addition of other electrolytes in mixtures [5, b, 6, 
(5)] too can be easily explained as far as the 
additional relaxation maximum is concerned. If 
e.g. NaCl is added to an MgSO, solution, the 
number of Mg-SO, associates is reduced in favour 
of Mg-Cl” and Na-SO; associates, the percent- 
age of which is determined by the ion strengths 
of the partners. This explains quantitatively the 
mixing rule given above. Addition of MgCl, to 
MgSO, can increase the number of Mg-SO, as- 
sociates finally to the total number of SO; ~ ions 
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present, thus explaining the limited increase 


of the absorption cross-section. The same is valid. 


vice versa in the case of mixtures of MgSO, 
with Na,SO,. 

The energy levels of the associates and there- 
with the relaxation frequencies are independent 
of concentration [5, b, 6, (4a)] but depend on the 
diameter of the ions involved, thus yielding the 
succession of the relaxation frequencies of the 
different sulphates [5, b, 6, (4b)]. 

With the assumption of ion pairs causing a 
relaxation absorption, only one relaxation maxi- 
mum can be explained, so that the second in- 
crease of the absorption cross-section, observed 
in the case of the 2-2-valent.salts must be due to 
another process, to the above mentioned thermal 
relaxations for instance. Difficulties however arise 
in explaining the increase of the absorption of 
MgSO, solutions when alkali is added and the 
absorption measured with the mixture MgCl, + 
NaOH. 

c) Chemical relaxations 

As a third process, possibly causing a relaxation 
absorption, a chemical relaxation process may be 
discussed here. Witson [3] mentioned the 
hydrolysis reaction as a possibility, but, as he 
believed, the results of absorption measurements 
with sea-water were in contradiction to this 
assumption. An improved model of this kind, 
however, allows the explanation of all results of 
absorption measurements in electrolyte solutions 
known up to now. The measuring results got with 
mixtures MgCl, + NaOH (absorption in the vicini- 
ty of the lower MgSO,-maximum but no absorp- 
tion at higher frequencies) and the influence of the 
pu-value of the solution show, that the disso- 
ciation reaction MgQH*—>Mg**++ OH~ really 
can be responsible for the absorption process 
which in this case has a relaxation frequency at 
about 130 ke/s. 

On the other hand H,SO, shows an increase of 
QA towards high frequencies which is of the same 
order of magnitude as the second increase of the 
bivalent sulphate solutions (as MgSO,) so that 
this second increase might be ascribed to the dis- 
sociation of HSO, = H* + SO; ~. 

The hydrolytic effect especially in MgSO, solu- 
tions is of course very low. Moreover this normal 
hydrolysis cannot be responsible for the absorp- 
tion since then the addition of e.g. HCl to a bi- 
valent sulphate solution should yield a decrease 
of the absorption at the lower maximum (reduced 
concentration of OH~ and MgOH*) and an in- 
crease at higher frequencies (enlarged con- 
centration of H~ and HSO;), while a decrease is 
observed in both parts of the curve. 
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From recent publications [46] it is known that 
MgSO, and similar salts are not completely dis- 
sociated and that their degree of dissociation 
(about 10% undissociated) keeps constant at least 
in the concentration range 0.01---0.1 mole/litre. 
This constancy is due to a decrease of the activity 
coefficients proportional to 1///c in this range 
and might very well explain the observed con- 
centration independence of the absorption cross- 
section if the dissociation-reaction is made res- 
ponsible for the absorption. 

Both processes (hydrolysis and dissociation re- 
action), each explaining only a part of the results, 
can be combined by assuming that the percentage 
of hydrolysis products is determined by the 
number of undissociated molecules. This can be 
done by postulating the dissociation reaction oc- 
curring in steps which e.g. may be the following 
ones: 


1) MgSO, - H,O 

2) MgOH* + HSO; 

3) MgOH* + H+ +S0,- 

4) Mg**+OH~+H*+SO, — 
5) Mgt* + H,O + SO; ~. 


This process is made plausible by the fact that 
the first H,O molecule entering between the two 
bivalent ions is strongly deformed because of 
electrostatic forces so that the dissociation of the 
complex is much more probable than that of H,O 
in the free medium. The first step (1—2) may oc- 
cur very quickly but anyway is not acoustically 
effective since the resulting big univalent ions 
have only a small hydrate shell and therewith 
only a small change in volume is caused. The next 
step (2—3) or perhaps the total step (1—3) is as- 
sumed to occur in a time smaller than 10—° s thus 
causing the increase of QA towards high fre- 
quencies while step (4) takes about 10~®s and 
may cause the absorption maximum at 130 ke/s. 
Steps (3) and (4) both are coupled with a con- 
siderable change in volume because of the form- 
ation of the big hydrate shells of the bivalent ions 
and therefore the equilibrium can be influenced 
by the sound pressure. Due to the anomalous 
mobility of the H* and OH~ ions the last step (5) 
occurs very quickly and may be left out of con- 
sideration in this connection. 

With this model, the amount of the absorption 
depends on the number of undissociated mole- 
cules, which is proportional to the concentration 
in the above mentioned range, i.e. the absorption 
cross-section must be independent of concentr- 
ation as is the degree of dissociation. The model 
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further explains both relaxation processes at a 
time. The observations made when adding acids 
or alkali and the behaviour of mixtures can be 
easily understood if the change in degree of dis- 
sociation and activities caused by the admixture 
is taken into account. Especially the above given 
empirical mixing rule for mixtures MgSO, + NaCl 
(5, b, y, iv) can be explained quantitatively by 
the formation of NaSO; ions, the degree of dis- 
sociation of which is very low [47]. _ 

The model can be applied analogously to all 
2-2-valent salts investigated. In the case of the 
salts of minor valency a similar process may occur, 
but more probably a dissociation in one step 
causes the absorption. In this case only conjec- 
tures can be made because the maximum of QA 
always is above the frequency range and could 
not be determined. 


d) Comparison of the attempted ex- 
planations 


Both the models of the structural relaxation 
processes discussed are unsatisfying because of 
the additional physico-chemical assumptions 
necessary. With the hydration model most of the 
results are easy to explain, while difficulties arise 
in the case of 2-l-valent salts and the behaviour 
of mixtures. The association model, especially 
suggested from the measured results with the 
mixtures, seems somewhat doubtful because of 
the high degree of association required, which is 
in contradiction to the usual assumption; in 
physical chemistry. Together with the thermal 
relaxation model it is applicable to nearly all 
measured effects, except the influence of the 
pu-value on the absorption, and the absorption 
measured with Mg(OH),. The chemical relaxation 
model discussed, which in general leads to 
similar results to the association model, gives a 
plausible explanation in this case too, and there- 
fore at the moment seems to be the best model 
for the origin of the sound absorption in electro- 
lytic solutions. 
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